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Abstract. 


A dynamic model of the inflow layer in a steady mature hurricane is evolved, relating wind 


speed, pressure gradient, surface shearing stress, mass flow, and convergence. The low-level air 
trajectories are assumed to be logarithmic spirals. With this hypothesis, properties such as 
maximum wind and central pressure are determined through choice of a parameter depending 
on the inflow angle: a moderate hurricane arises with inflow angles of about 20°, while 25° 
gives an intense or extreme storm. 

Most of this study treats the moderate storm. In order to maintain its core pressure gradients, 
an oceanic source of sensible and latent heat is required. As a result, latent heat release in the inner 
hurricane area occurs at higher heat content (warmer moist adiabats) than mean tropical sub- 
cloud air. The heat transfer from the ocean and the release of latent heat in the core determine 
the pressure gradient along the trajectory, and this prescribes the particular trajectory selected 
by the air among an infinite number available from the logarithmic spiral family. 

This selection principle is evolved using recent work on “relative stability” of finite ampli- 
tude thermal circulations. Of an infinite number of dynamically possible spirals, the one is 
realized which maximizes the rate of kinetic energy production under the thermodynamic 
constraints, here formulated in terms of the relation between heat release and pressure gradient. 

Finally, rainfall, efficiency of work done by the storm, and kinetic energy budgets are examined 
in an attempt to understand the difference between the hurricane—a rare phenomenon—and 


the common sub-hurricane tropical storm. 


I. Introduction 


The tropical hurricane is a thermally driven 
circulation whose primary energy source is 
release of latent heat of condensation. This 
heating acts to establish the pressure gradients 
which produce and maintain hurricane winds. 
Radar photographs, since the early 1940's, have 
demonstrated abundantly that latent heat is 
not released uniformly through the rain area, 
but that it is concentrated in spiral convective 
bands of narrow width and especially in a 
central ring surrounding the eye (MAYNARD 
1945, WEXLER 1947). In this paper the low- 
level air along an inward spiralling convective 


band will be followed from the outskirts to 
the eye. The purpose is to begin a study of 
the mechanisms by which energy release along 
such a path is utilized to maintain the pressure 
field of a mature storm in steady state. 

Large pressure gradients are required to 
sustain a narrow ring of hurricane winds, with 
order of 30 mb in 60 km. The central pressure 
of a hurricane of moderate strength must be 
about 960 mb, 4—s per cent below mean sea 
level pressure. Available evidence suggests 
that this substantial reduction is brought about 
by tropospheric heating, and that an undisturb- 


1 Contribution No. 1034 from the Woods Hole Oceanographic Institution. 
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ed top may be assumed within the limits of 
interest in this investigation. As demonstrated 
by Haurwirz (1935), pressures in hurricanes 
are very nearly hydrostatic and, given a fixed 
top, lateral pressure gradients are produced by 
density variations within the troposphere. 
Such variations may result from release of 
latent heat in the precipitation area and from 
dry-adiabatic sinking in the eye. 

Formerly it was held that an outward slope 
of the eye wall with height could explain 
the low pressures in the inner convective ring 
around the eye. According to MALKUS (1958), 
the slope of the cumulonimbi forming the eye 
wall is governed by the factors generally 
determining the slant of such clouds. From 
consideration of cloud dynamics and angular 
momentum constraints, an eye wall is prevent- 
ed from slanting more than 45°—60° from 
the vertical. Since the height of the cumulo- 
nimbi is 10—14 km, this means that, in a storm 
with eye radius of 20—30 km, the eye slope 
can at most account for rain area pressures to 
distances of 30—40 km from the center. 
Extensive photography of eye walls by the 
National Hurricane Research Project of the 
U.S. Weather Bureau and various radar 
studies have demonstrated that such large 
slopes are rarely, if ever, realized; these data 
suggest that, more likely, the eye wall is 
nearly perpendicular. 

Hence, the contribution of dry-adiabatic 
sinking to lateral density gradients in the rain 
area may be neglected. It is assumed that 
the whole density gradient is derived from 
latent heat release; further that the cloud 
towers are nearly vertical to about 9—10 km 
altitude. In the high troposphere the mass 
ascending in the cumulonimbi converges ver- 
tically and spreads laterally covering large 
horizontal areas. Although the winds turn 
with height in this layer, often sharply, we 
assume as a first approximation that the air 
above the vertical portion of a cumulonimbus 
has the same properties as would have been 
obtained from continued vertical ascent to 
the top of the convective layer. Thus the 
surface pressure at any point may be computed 
hydrostatically from the ascent path of the 
surface air to the high troposphere. 

The warmest possible ascent of normal 
tropical air lies along the moist adiabat with 
equivalent potential temperature (9) of about 


~~ 


350° A. If the top of the circulation is taken 
at 150 mb at standard height for the Caribbean 
area in summer, the lowest surface pressure 
obtained through this ascent will be about 
1,000 mb from the hydrostatic equation (RIEHL 
1954). This is a threshold value, and it is 
interesting to note that many tropical storms 
reach equilibrium at this central pressure. 
The total heat content of normal tropical air, 
raised undilute (without entrainment) to the 
level of zero buoyancy, is insufficient to 
generate pressures substantially below 1,000 
mb. It follows that a local heat source must 
exist within hurricanes to permit increases of 
Or of the surface air above 350° A. The exist- 
ence of such a heat source has been inferred by 
Byers (1944) and demonstrated to exist from 
surface observations (RIEHL 1954). 

It also follows that variations in the rate of 
import, condensation and export of normal 
tropical air will not lead to variations in surface 
pressure because the ascent path, and there- 
with the density of the vertical column, is 
entirely determined by the Oz of the rising air. 
A storm will not deepen if simply more water is 
condensed at Og =350° A in the core; it can 
do so only if there is an additional heat source 
so that condensation will occur at Og greater 
than 350° A.* 

As first step, the surface pressure was 
computed from a series of moist adiabats with 
the foregoing model, namely that vertical 
ascent can be assumed to the level of zero 
buoyancy. The undisturbed top was taken 
as 100 mb and a mean tropical atmosphere 
(JORDAN 1957) was used for the layer between 
the 100 mb and the pressure at zero buoyancy. 
For moist adiabatic ascents between Og =350° A 
and 365° A, surface pressure (p,) and Og are 
related linearly. One obtains 


— Op; = 2.5 OO (1) 


Following this relation, the sea level pressure 
will drop about 12.5 mb for an increase of 
5° A in Og. Suppose that the oceanic heat 


* It should be noted, however, that in cases when 
mid-tropospheric air not derived from the surface enters 
the rain area (SIMPSON and RIEHL 1958) with characteristic 
OE of only 330°—340° A, an increased rate of surface 
mass inflow at 350° A will act to maintain the heat content 
of a storm’s interior. The constraint upon hurricane 
growth and maintenance arising from such lateral “ven- 
tilation’’ will be considered in subsequent publications. 
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source begins to become effective at p,=1,000 
mb with O5=350° A. Then, if the increment 
in OZ is 15° A, the central pressure will be 
962.5 mb at O,=365° A. This rise in Op 
corresponds to an increase of the heat content 
of the surface air of 3—4 cal/gm which must 
be absorbed from the ocean if ascent at 365° A 
is to occur. The question is whether in reality 
such a heat exchange can be realized. In the 
following a dynamical model will be developed 
for the inflow layer which will permit compu- 
tation of the pressure drop required for a 
steady-state vortex. Then, from estimates 
of heat exchange between sea and air, it will 
be determined whether this pressure decrease 
is consistent with equation (1). 


2. A Dynamic Model of the Low-Level 
Rain Area 


The inflow into a hurricane is confined 
mainly to low levels. Subcloud air is accelerated 
inward along spiral-shaped trajectories; accel- 
eration results from excess work done by 
pressure gradient forces over frictional retar- 
dation. We shall consider the dynamics of 
the inflow layer in a natural coordinate frame- 
work, found useful in studies of other types of 
thermal circulations (RIEHL ET AL. 1951; 
MALKUS, 1956; RIEHL and FULTZ, 1957). This 
coordinate system, superposed on cylindrical 
coordinates is illustrated in Fig. 1, where s is 
distance along the trajectory, n is the normal 
coordinate and z the vertical coordinate, 
directed to form a right-handed system. 
The crossing angle between trajectory and 
circles of equal radius r from the storm center 
o is denoted by B; the radius of curvature 
of the trajectories is R. The tangential and 
normal equations of motion to be used are as 
follows: 


dv _ dv Apa the Te IR) à 
ee os ods né dz oor Ne 
ot 
0 dz (2) 
v? 10p_10p 
med: Fa om oo ß (3) 


Here t is time, r the radial coordinate (positive 
outward), v velocity, p pressure, @ density, f 
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Fig. 1. Coordinate system used for hurricane models. 

Origin at O. r and Ÿ form a standard cylindrical system. 

The direction s is chosen along the trajectories, positive 

downstream, with # the normal coordinate. B is the inflow 

or “crossing” angle formed between s and circles of 

constant radius. R is the radius of curvature of the trajec- 
tories. 


the Coriolis parameter and t,, the shearing 
stress component transferring s-momentum 
along the vertical. 

Assumptions introduced so far are as follows: 


1) The storm is in steady state, either sta- 
tionary or very slowly moving. 

2) The pressure field is radially nearly 
ee Since all other 
quantities may vary from one trajectory to 
the next, and thence with azimuth angle, 
this choice does not restrict the applicability of 
the model to symmetrical circulations. 


symmetrical, i.e. 


3) The vertical transport of s-momentum 


DE Tah? 
by the mean motion, ge (w is the vertical 


dz 
velocity component) is small compared to 


dv ie: 
Vases This assumption is valid because the 
s 
2. à dv 
vertical motion is zero at the ground and 5, 
z 


is small throughout the inflow layer except 
quite close to the ground. Vertical momentum 
transport by convective-scale elements is 
included in the shearing stress term. 
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4) Lateral turbulent transport of s-momen- 
tum is neglected compared to vertical transport 
with the hypothesis that momentum from the 
air inside the hurricane is abstracted by the 
ocean and not diffused laterally outward by 
small-scale eddies. This assumption is probably 
weak if single trajectories or only small seg- 
ments of a storm are considered, but due to 
the difficulty of prescribing the vertical eddy 
transport accurately, is not critical at present. 

5) The wind direction is nearly constant 
with height through the inflow layer so that 


the shearing stress term = may be omitted. 
Jz 
r 


We shall now substitute for R, the 


cos 

radius of trajectory curvature in (3). This is 
exact for the logarithmic spiral where cos 8 = 
constant and nearly true when the inflow 
angle varies slowly along the trajectory. When 
Bx 20° or less, R differs from r by only 
about 6 % for any trajectory. Let equation (2) 
be multiplied by cos B and equation (3) by 
sin 6. The pressure gradient force is then 
eliminated by combining these equations and 
we have, after dividing again by cos ß, 


a À à 
sin B+ fo tan B-vT = ae (4) 


Upon averaging vertically through the 
inflow layer of height öz, we have 


> DIR rg _ Ov 
ide “sin B+fvtanß-» = | = 
oT Kr", (s) 


using the commonly assumed dependence of 
Ts) upon the square of the surface wind. The 
symbol ~ denotes vertical averaging, Kp is an 
empirically determined coefficient, and the 
subscript zero denotes surface properties. We 
shall neglect the slight difference between 0, 
and 6, also between ? and vp, since the vertical 
shear above anemometer level generally is 
considered to be very weak in the interior of 
hurricanes, especially over water. The im- 
portant assumption in going from the right 
side of equation (4) to that of equation (5) is 


that the shearing stress vanishes at the top of 


the inflow layer in accord with the hypothesis 


Ov : 
that 5, is very weak above the ground layer. 
GCA 


In the remainder of this section only quantities 
averaged through the inflow layer will be consi- 
sidered and the symbol ~ will again be 
omitted for convenience. 
Dividing out a v and utilizing the definition 
ov ov 
that Zn = = OF 
first-order differential equation for the velocity 
v along any trajectory as a function of radial 
distance r from the storm center, 


ce JE = Be re, A (6) 


Since it will prove more convenient to set 
boundary conditions on vs, the tangential 
velocity component, we may obtain an equation 


sin B, we derive the following 


s . Ve 
for it by using the fact that v= care 
dv 


rrlisch|-- 5 0 @ 


where C(r) = RCA 

sin PÔz 
It should be noted that equation (7) specifies 
the dependence of v upon r for a single trajec- 
tory; it may be integrated separately for one 
or more trajectories within a single storm or 
for the mean trajectories of several storms. 
Whichever is done, the difference between 
trajectories is determined by the parameter 
C(r). Equation (7) may be integrated analyti- 
cally if C(r) is a constant or varies in some 
simple manner with the radius. Numerical 
integration may be undertaken if it should 
prove desirable to treat a complex dependence 
of C upon r. 

The results of PALMÉN and RIEHL (1957) 
suggest that although Kp and dz may each 
vary by a factor of two under hurricane 
conditions (increasing inward) their ratio is 
constant within 20 %. We chose Kr/dz= 
1.36 x10-® cm-! for the following analysis, 
which permits Kr to vary from 1.1 to 3.0 x 10? 
for a range of the depth of the inflow layer 
from 750 m to 2.2 km. 

We shall make the simplest possible choice 
of B for our trajectory calculations, namely 
B=Pr=constant for the outer rain area, r> 
100 km, and decreasing from there linearly to 
zero at r=25 km, the assumed radius of the 
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eye wall. The solution to (7) is thus an infinite 
family of simple logarithmic spirals (modified 
slightly in the interior) each differing from 
the others by means of a different inflow 
angle B. 

Integrating equation (7) when C(r) =con- 
stant, 


vor = 1 (1—Cr) + Cye~@r (8) 


An outer boundary condition must be 
applied to evaluate the constant of integration 
C,. This will be done by choosing an outer 
radius ry where the relative vorticity vanishes, 

a dv» V9 : 

that is sr ai Since v,—vs tan B, v, also 
satisfies this relation at r,, which thus separates 
the region of inner horizontal convergence 
from outer horizontal divergence. Choice of r, 
is arbitrary, but the computed structure of the 
storm core is not sensitive to this choice as 
long as r, = 500 km. For moderate hurricanes 
such as Carrie (September 15, 1957) and 
Daisy (August 27, 1958), data from the Na- 
tional Hurricane Research Project of the U.S. 
Weather Bureau suggest that r, soo km is 
satisfactory. For bigger storms, such as some 
Pacific typhoons, rp might be 800—1000 km. 

When the outer boundary condition is ap- 


plied, C,= ae ec and 
vor = a [1 - Cr- een]. (9) 


For the inner rain area, namely rg <r <r, 
where r, is 100 km and rg, the eye boundary, 
is 25 km, we choose 


Lea be) 


sin ß = sinßL a. 
Equation (7) may be solved exactly under this 
assumption, matching v at r,—100 km. How- 
ever, near the core Coriolis forces are negli- 
gible compared to centrifugal, leaving only 
the homogeneous part of the equation. This 
yields a simple solution for the inner rain 


area. 
(10) 


where C, is obtained by matching vs at 100 
km with the results of (9). 
Tellus XII (1960), 1 
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We now calculate two model hurricane 
trajectories at latitude 20°, a moderate and an 
intense one, with r,—500 km in both cases. 
The only difference between them lies in the 
choice of sin B,, which for the moderate trajec- 
tory is 0.342 (Br —20°); and for the intense 
hurricane sin fr =0.423 (Br =25°). The other 


F 
parameters such as o, f, ee and rg are the 
z 


same for both cases, with values as noted. 
Tangential speed as a function of radius in the 
two situations is given in Table r. 


Table 1. Tangential Wind Speeds in Moderate 
and Intense Model Hurricane Trajectories. 


A. Moderate B. Intense 


r PL 205; @ PL 2 @ 
(km) —4.0 X 10-8 cm!!-3.2X 10-®cm1 
Vg (m/sec) vy (m/sec) 
800 sa 
700 6.9 = 
600 9.9 ae 
500 12.4 ee 
400 15.0 sd 
32 18.1 
200 23.3 
100 37.2 ae 
22 53.8 78.2 
er 55-4 87.5 


The results of this table can be regarded as 
applying to single trajectories within a storm 
or storms, or to a mean trajectory; in the lat- 
ter case vo represents the azimuth-averaged 
tangential wind speed for an entire hurricane. 
Highest wind speed is about 112 knots for 
case A which will be called “moderate storm”. 
In case B, 175 knots are attained. This range 
of maximum wind is realistic, as is also the 
distribution of vs with radius. Between 500 
and 200 km distance from the center the wind 
profile may be represented by the relation vs 
r* =constant, where x =0.6 to 0.7, in agreement 
with the findings of Hucues (1952) for a 
thean typhoon. Further calculations for the 
moderate storm are made in the next section. 


3. The Moderate Storm 


In Table 2 surface pressure, mass flow, 
divergence, and frictional stresses are presented 
for the moderate case. 


JS MALDKUIS AN DEE. REET = 


MODEL MODERATE HURRICANE LEGEND 


B= 20° 
MODEL 


CARRIE MAX. 


MAX WIND = 116 knots at r = 40 km (Sept. 15) 


CARRIE AVG 
(Sept. 15) 


MODEL 
CARRIE 
SURFACE PRESSURE Dee 


(Aug 27) 
a2 + 8 3mb / 10km E 
Ar 


= 960 mb 


100 200 300 400 500 600 700 800 
r (km) — Fig 2 


Fig. 2. Wind profile (above) and surface pressure profile (below) for model moderate 
storm (see Table 2). Observations from actual hurricanes (Carrie, 1957, and Daisy, 
1958) were provided by courtesy of the National Hurricane Project of the U. S. 
Weather Bureau. In the upper graph, circles represent the peak windspeed at each 
radius in Carrie, while the x’s denote the radial average. In the lower graph the Carrie 
pressure profile is the x-ed line, while the two circles are values from Daisy. 


MASS INFLOW LEGEND 


MODEL 
CARRIE 
(1S th) 
DAISY 
(27th) 


RADIAL VELOCITY 


MODEL 


CARRIE 
(15 th.) 


DAISY 
(27th) 


Rips. Mass inflow (above) and radial velocity (below) profiles for model moderate 
hurricane of Table 2. Dashed curves were calculated from ship observations. 
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Table 2. Moderate Model Hurricane. 


Y Vg v, B url 107 
km m/sec m/sec degrees c.g.S. 
800 3.4 2:2 20 9.6 
700 6.9 25 20 17.55 
600 9.9 3.6 20 21.6 
500 12.4 4.5 20 22% 
400 15.0 5.5 20 22.0 
300 18.1 6.6 20 19.8 
200 23.3 8.5 20 17.0 
100 37.2 13.5 20 13.5 

90 40.0 11.9 regs) 10.7 

80 42.7 10.7 14.6 8.6 

70 46.0 9.4 11.8 6.6 

60 49.6 7.9 9.2 4.7 

50 53.8 6.1 6.5 3.05 

40 57.7 3.9 3.6 1.6 

30 55.4 13 13 0.39 

26 39.4 0.2 0.25 0.05 


7 
div. 10° w v To p, 
CEE cm/sec m/sec |dynes/cm? mb 
I — LI 3.6 0.18 1011.8 
0.6 — 0.66 743 OF a IOII.7 
0.2 — 0.22 10.5 1.65 IOII.5 
OT + 0.II 13.2 2.61 IOII.2 
— 0.65 | + 0.72 16 3.84 1010.5 
HI ne #9 19.2 5-53 1009.5 
— 2.3 + 2.5 24.8 9.23 1007.2 
— 29.6 32.0 39.6 23.5 997.7 
—25.3 +27.9 42.0 26.5 996.0 
—26.5 +29.7 44-2 29.3 993.8 
—28.4 #313 47.2 33.4 991.0 
—30.7 +338 50.3 38.0 987.35 
—33.8 +37.0 54.0 43.8 982.4 
—33.4 + 36.7 57:9 50.2 975-35 
—25.5 +28.0 55-4 46.0 966.0 
39-4 23.3 


962.85 


For the purposes of the vertical motion and 
shearing stress calculations of this table, the depth 
of the inflow layer 92 has been chosen as 1.1 
km, thus Kp in equation (5) becomes 1.5 x 107$. 
The product v,r is proportional to the ageo- 
strophic mass inflow; v, is calculated from 
vy tan f. The horizontal velocity divergence 


kre a a2 ; 4 
Se (v,-r), yielding the mean vertical motion 


w at 1.1 km from mass continuity. Irregular 
values of divergence and vertical motion occur 
at r=100 km through rapid reduction in 
mass flow arising from the assumption that 
the inflow angle B begins to decrease at that 
radius. This minor difficulty apart, it is seen 
that all strong convergence is concentrated in 
the core. An average ascent rate of about 30 
cm/sec or 1 km/hr is required at the top of 
the inflow layer.* The surface pressure p, was 
calculated from evaluating gradients over short 
radial intervals (10 km in core) from equation 
(3) and integrating graphically, with a bound- 
ary pressure of 1,011.8 mb at r=800 km. 

The features of Table 2 are realistic and 
consistent with presently available observa- 
tions. Figs. 2—4 show some comparisons. Fig. 2 
contains wind and pressure profiles of Table 2 


*We do not regard this as a gradual layer ascent of 
this magnitude, but rather envisage that about 5 %—10 % 
of the inner area is covered with updrafts of 3—6 m/sec 
at this level, since recent evidence suggests that the net 
convergence is achieved largely by restricted ascent in a 
few undilute cumulonimbus towers. 
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Fig. 4. Surface shearing stress (dynes/cm?) versus radius 

(km). Solid curve from model moderate storm; dashed 

curve from momentum budgets calculated by Palmen 
and Riehl (1957) for mean hurricane data. 


together with those of two medium strength 
hurricanes obtained by the National Hurricane 
Research Project; both storms were encount- 
ered between 25°—30° N. Fig. 3 compares 
mass inflow and radial velocity distributions 
for these same storms with those calculated in 
Table 2. Fig. 4 shows good agreement between 
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the shearing stresses as a function of radius 
calculated in Table 2 with those obtained by 
PALMÉN and RIEHL (1957) from momentum 
budget requirements established from mean 
hurricane data. 


4. Pressure Field and Oceanic Heat Source 


As just demonstrated, pressures and pressure 
gradients of the moderate hurricane are similar 
to those observed in storms of moderate inten- 
sity such as Carrie (1957). Outward of r=90 km 
where p,~ 996 mb, the pressure field may be 
maintained by a mixture of the air with the 
characteristics of the average tropical atmos- 
phere and varying amounts of subcloud air 
that has ascended in cumulus towers. The 
admixture of low-level air must increase 
inward so that at r=90 km the vertical tem- 
perature distribution becomes entirely con- 
trolled by the moist-adiabatic ascent. Inward 
of r~30 km or p, ~ 966 mb, a sloping eye 
wall may be called upon to compute the 
excessive pressure drop often encountered just 
inside the eye boundary. Neither of these 
solutions can account for the pressure drop of 
approximately 30 mb between r=90 km and 
r=30 km. This pressure drop must be related 
to adiabatic ascent at increasing values of Or; 
from equation (1) Og of the ascending air must 
rise from 350° to 362.5° A along the trajectory 
while the surface pressure decreases from 996 
to 966 mb. Such an increase in Oz can only be 
obtained through a local heat source, namely 
transfer of sensible and latent heat from ocean 
to atmosphere as proposed by Byers (1944) 
and discussed by RIEHL (1954). 

It is the objective of this section to calculate 
the necessary heat exchange between sea and 
air and to inquire whether the ocean can 
supply the required heat in the available time 
which, from Table 5, is less than three hours. 

Sensible heat transfer: In the outskirts of a 
hurricane the temperature of the inflowing 
air drops slowly due to adiabatic expansion 
during (horizontal) motion toward lower 
pressure. It is one of the remarkable observa- 
tions in hurricanes that this drop ceases at 
pressures of 990—1,000 mb and that thereafter 
isothermal expansion takes place. Presumably, 
the temperature difference between sea and air 
attains a value large enough for the oceanic 
heat supply to take place at a sufficient rate to 


keep the temperature difference constant. In 
the last part of this paper, it will be shown 
that this corresponds to a maximum rate of 
conversion of the sensible heat gained to kinetic 
energy. For the present we shall merely utilize 
the fact of isothermal expansion. The first 
law of thermodynamics then becomes 


dh,= — & A*dp (11) 
where dh, is the sensible heat gained from the 
ocean, & specific volume and A* the heat 
equivalent of mechanical work. Radiation may 
be neglected as a very small term. With use 
of the gas equation 


dh,= — RTd(Inp) (12) 
where R, the gas constant for air, is expressed 
in heat units. Integrating over a portion of the 
trajectory of the surface air, 


(hs — hs)/T = R (In py — In p), (13) 


where the subscript zero denotes properties at 
the starting point. Given T ~ 300° A, heat 
increments h,— h,, can be readily computed; 
for steps of 20 km radial distance they have 
the values shown below. 


Table 3. Sensible Heat Source at Ocean Surface 


Radial distance 
PE 70—90 50—70 30—50 30—90 
h—h,, (cal/gm) UE T7 .37 .65 


Total and latent heat transfer: The equivalent 
potential temperature is defined by 


In O£= În O + Lalc,T (14) 


where @ is potential temperature, L latent heat 
of condensation, q specific humidity and c, 
specific heat at constant pressure. Since the 
temperature is constant 


d(In Og) = d(in ©) + Ldg/c,T. (15) 


Equation (12) may also have been written 
dh; = cyT/O dO ~ c,d © (16) 


near the ground. Since dh and d@g are known, 
equation (15) may be solved for dq. This 
yields the latent heat addition to the air. The 
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Table 5. Thermodynamic Properties of Inflow Layer. 


[2 ER Or (©) % q rh LCL As At 
km mb SA °A (@> gm/kg 9 m km min 
es Nn à | + 

90 096 350 299.4 26.0 18.5 84 400 
L | ; 79-7 30 

70 991 352.1 299.9 26.0 19.1 86 300 
125.4 42 

50 982.4 355-7 300.5 26.0 20.1 go 200 
} 294.0 88 

30 966 362-5) 302.8 26.0 21.8 97 80 


As denotes distance along each trajectory leg, from 90 to 70 km etc. 


At is time needed to traverse each leg. 


CL is the lifting condensation level, or cloud base heigh t. 


following table shows sensible, latent and total 
heat increments. 


Table 4. Oceanic Heat Source for 
Moderate Hurricanes 


Radial distance 


(ER PAS eee 7O—90 50—70 30—50 30—90 
Sensible heat incre- 

ment (cal/g) .... “HE “NZ 37 .65 
Latent heat incre- 

ment (cal/g)..... 332 56 I.OI 1.89 
Total heat incre- 

ment (cal/g).... -43 3 1.38 2.54 


Lagrangian exchange coefficients: One should 
expect that, following a particle, the heat 
transfer from the ocean will be governed only 
by the differences in temperature and vapor 
pressure between sea and air and wind speed. 
The subscript P will denote calculations per- 
formed with respect to the moving particle. 
Denoting sensible and latent heat transfer by 
Qsp and Q.p, we may postulate that 


Qsp=KspV (Tw — Ta); (17) 
Qer = KepV ‘Ge = ea). (18) 


Here the subscripts ‘w’ and ‘a’ denote 
properties of the water surface and of the air, 
e is vapor pressure, and Ksp and K,p are 
coeflicients of turbulent exchange. Now 
J Qspdt a h, = hso; SRerdt = he = ER where he 
denotes latent heat content. Integrating equa- 
tions (17) and (18) from f to t during which 
time interval the particle moves the distance D 
along the trajectory 
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(h, (= RD Pa Tu) = Ksp, 
(he = leo) D(ew Si en = Kep. 


(19) 
(20) 


The ocean temperature will be taken as 28°C, 
typical for the West Atlantic hurricane area, 
and T,,—T, will be assumed as 2° C. With 
this assumption, based on observations, and 
with equation (14) all properties of the inflow- 
ing air are given, including relative humidity 
and height of the cloud base. They are sum- 
marized in Table 5. 


From equations (19) and (20) and from Table 5 
the following values are obtained for Ksp and 
Kep. 


Table 6. Lagrangian Coefficients of 
Turbulent Exchange. 


Radial distance (km) 70—90|50—70|30—50 


K gp (107° cal/gm cm deg).| 6.9 6.8 6.3 
K,p (107° cal/gm cm mb).| 4.5 | 5.4 5.1 


It is seen that the coefficients are constant 
within computational limits, hence that the 
air trajectory, computed purely from dynamic 
considerations, is consistent with the independ- 
ent constraints of equations (17) and (18). 
The trajectory takes a course such that physi- 
cally impossible demands are not placed on 
the thermodynamic interaction between sea 
and air. 
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= r(km) 


Sensible Heat Flux (10 ?cal/sec) 


Fig. 5. Sensible heat budget for moderate storm. Heat 
fluxes (1012 cal/sec) into and out of inflow layer by boxes 
with Ar=20 km. Lateral fluxes have been calculated as 
shown with 0’ =@—299.4; for vertical fluxes it has been 
assumed that vertical mass flux leaves with mean ©’ of 


interval, 6’. Input from ocean calculated as residual. 
Mass flow from dynamic model, Table 2. 


In the following still another approach will 
be taken to investigate whether the rates of 
heat transfer from the sea are reasonable. 


Heat energy budget for the inflow layer: Up to 
now, the calculations have followed a particle 
on its path. Now heat flux and energy exchange 
between sea and air will be examined spatially. 
The purpose in doing this lies in the desire to 
compare the heat flux per cm? of ocean surface 
as determined here and as estimated previously 
from turbulence theory and airplane measure- 
ments. For this purpose it will at first be 
necessary to compute a heat budget. This 
requires the assumption that the radial distribu- 
tion of various properties following the trajec- 
tory in Tables 2 and 5 may be taken as valid 
for means around concentric cylinders. Further, 
a top must be assigned to the inflow layer; 
it will be taken as 1.1 km, corresponding to a 
pressure interval of 100 mb as in Table 2. 

Differentiating equation (16) with respect 
to time, multiplying with the density o and 
integrating over the volume V, 


dh dO ,. 


QT Vac ga dv (21) 


The heat source fo dV = Qs, now referred 


to space in contrast to Qsp in equation (17). 


Because of the steady state Er VO where 


AND H. RIEHL = 


2.74 1.62 482 


Residual 
2.12 


50 70 90 
+ r (km) 


Latent Heat Flux (10'*cal/sec) 


Fig. 6. Latent heat budget for moderate storm. Heat 

fluxes (1012 cal/sec) into and out of inflow layer by 

boxes with Är=20 km. Lateral fluxes have been calculated 

with q’ = q—18.5 gm/kg; for vertical fluxes it has been 

assumed that vertical mass flux leaves with mean q’ of the 

interval, q’. Input from ocean calculated as residual. 
Mass flow from dynamic model, Table 2. 


v is the three-dimensional velocity vector 
and v the three-dimensional gradient operator. 


Then 


o fegav-c fev. v OdV = 


= f(v :ev9-0% -ov) dV. 


The second term is zero from mass continuity. 


Applying Stokes’ theorem 


Qs= cf en @do =e EMO (22) 
where o is the surface bounding the volume V 
and ¢, is the velocity component normal to 
this surface, positive outward. On the right 
side of the expression, actually used for calcu- 
lation, M, is the mass flux in gm/sec through 
each face o of the box considered. 

The latent heat flow may be determined 
from 


d/dt (Lq) = v : v (La). (23) 


After transformations corresponding to those 
just shown for sensible heat, the oceanic latent 
heat source (Q,), also referred to space, is 


Q.= J Laoc,do = xLqM, (24) 
The total heat source is therefore 


Qs + Qe= S (Lg+ «9) oc,do = 
=X (Lq+c,0)M, (25) 
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Radial and vertical fluxes of sensible and 
latent heat may be computed from the data in 
Tables 2 and 5. These fluxes, and the heat 
sources required for balance are shown in 
Tables 7 and 8 and Figs. s—6. These diagrams 
were derived as follows: The mass flux through 
each vertical face (at r=90, 70, 50, and 30 km) 


was obtained from M=v,r 2 x og where v,r 


was taken from Table 2. The sh ne through 
the top face, AM, is the difference between 
the horizontal fluxes through successive vertical 
faces. Mass leaving through the top of each 
box was assumed to go out with the mean 
property of the air in the box. Heat sources 
were calculated as residuals to meet continuity. 
Over the area within the core the source is 
5.38 x10!2 cal/sec latent heat of water va- 
por, and 1.60 x101? cal/sec sensible heat, a 
total of 6.98 x 101? cal/sec. This corresponds 
to a heat increment of 2.50 cal/gm, within 
computational error of the result of Table 4. 


Table 7. Sensible Heat Flux. 


Ps eo’ M AM |Mc,0’ 6,0" AMc,® 
gm/sec|gm/sec|cal/sec|cal/sec| cal/sec 
Emi As | 70213: 11 7051% Mo | gm: On 
90 | o 7.40 (o] 
2.8 .060 .170 
70 | 0.5 | 4.65 .556 
2.5 .IQI .478 
SO 2.1 2.15 .558 
1.9 .418 .795 
50202:411:0.28 .I6I 


©’ denotes O—299.4 and the bar indicates area 
averaging. 


Table 8. Latent Heat Flux. 
: a my | ta T, re 
or Tor.“ 


km |gm/kg |cal/gm | cal/sec caljgm] cal/sec 


90 fo} fo} fe) 

172 .482 
79 0.6 353 1.64 

647 1.62 
50 1.6 .941 2.02 

1.44 2.74 
30 3-3 1.94 0.544 


q’ denotes g — 18.5°/o9 and the bar indicates area 
averaging. 
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From turbulence theory (cf. Jacoss 1942) 
the following formulae have been determined 
for latent and sensible heat exchange between 
sea and air 


Q;/A= Ks (Ty - Le) V, (26) 
Qc] A = KL (qu — 9a) v- (27) 


Here Qs and Q, are the fluxes in cal/sec 
computed from equations (22) and (24) 
respectively ; A is the area in cm? of ocean 
surface; T, — T, the difference in °C between 
deck level and sea surface temperature; qu—4. 
the difference in gm/gm between the saturation 
specific humidity at the temperature of the sea 
surface and the actual specific humidity at 
deck level, and v is the wind speed in cm/sec. 
Ksand K, are coefficients of turbulent exchange 
analogous to those of equations (17) and (18). 
But, as already stressed, the meaning of these 
equations is quite different because they refer 
to the heat flow per unit area of ocean surface. 
RIEHL ET AL. (1951) have used the following 
constants for calculation of heat exchange in 
the trades, based on MONTGOMERY (1948): 
ISG iS XalOr y Ak Seite TON Recent 
direct flux measurements by BUNKER (1959) 
under normal and disturbed trade conditions 
have confirmed these values within about 25 %. 
When we solve equations (26) and (27) for 
the constants and use the results of Figs. s—6 
and Tables 7—8, we obtain for the hurricane 
the constants shown in Table 9. 


Table 9. 


Le Tee Iw 4a ee ee Ks K, 25% 


km °C |gm/kg u Cm To 770275 
90—70| 2 5.2 44 100 | 8.6 |1.64| 34 
70—50| 2 4.6 50 76 | 6.3 11.95] 24 
50—30 2 3.5 56 50 | 7.1 2.19| 32 
Area 

30 


Ave 7.4 |1.92 


The most interesting result of Table 9 lies 
in the fact that the coefficients of turbulent 
exchange differ very little from those for the 
trades. No special demand is created during 
transition from trade wind speeds of about 
7 mps to hurricane velocities for an increase 
of the transport efficiency of the energy spec- 
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trum near the ground. No impossible or diffi- 
cult restriction is made when it is postulated 
that lowering of surface pressures in hurricanes 
arises mainly through an ‘extra’ oceanic heat 
source in a storm’s interior. 

The actual transports, of course, are very 
large in the hurricane compared to the trades. 
Sensible heat pickup is 720 cal/cm?/day, an 
increase by a factor of so over the trades 
(RIEHL ET AL. 1951); latent heat pickup is 2,420 
cal/cm?/day, higher by a factor of 12—13. 
The difference arises largely through the high 
wind speed. The fact that the inflowing air is 
observed to cool by about 2° C before onset 
of active heating trom the ocean, accounts 
for the larger rise in sensible heat pickup. 
While qu - qa remains about constant, Ti, — T, 
increases from a mean of about 0.5° C in the 
trades over the western parts of the ocean 
during summer to 2° C or more inside hurri- 
canes. 

In trade-wind disturbances it has also been 
noted that Qs and Q, are higher than in the 
undisturbed trades, and that the increase in Qs 
is percentually larger (GARSTANG 1958). How- 
ever, the increase of T,,— T, in this type of 
situation must be related to evaporation of 
falling rain and thunderstorm downdrafts 
rather than to adiabatic expansion during 
horizontal motion toward lower pressure. 
These mechanisms for lowering the air tem- 
perature need not be discounted in hurricane 
circulations, especially in the outskirts at 
pressures above 1,000 mb. As calculated by 
RIEHL and Markus (1958), re-cycling of air 
at upper levels to the surface by means of 
cumulonimbus downdrafts makes an impor- 
tant contribution to the heat budget of the 
equatorial trough zone, especially to the 
pickup of sensible heat from the ground. 
For this region the ratio Qs/Q, was found to 
be 0.4, compared to estimates of 0.05—0.1 for 
the trades at large, and compared to 0.3 for 
the hurricane from Tables 4 and 9. 


5. Thermal constraints, relative stability, 
and conditions for extreme storms 


The solutions to the dynamic equations for 
the hurricane inflow layer contain a parameter 
= Ke ar 
=, variations in which give rise 
sin Böz 


to an infinite family of logarithmic spiral 


trajectories for each choice of boundary 
condition r,. We saw from Table ı that when 
fo = 500 km, a choice of C= -4.0 x 107 
cm-! gave a moderate storm with maximum 
wind of 110 knots, while a choice of C= 
— 3.2 x 10-® cm! gave an intense storm with 
maximum wind of 175 knots. 

It is the purpose of this section to suggest 
that the thermal constraints which, in nature, 
operate upon the system in addition to the 
dynamic ones impose a choice between, or a 
limit upon, the range of dynamically possible 
trajectories so that most or even all of these 
may be prevented from occurring in a real 
situation. We shall show that the thermal 
constraints operate through the surface pres- 
sure gradient along s in the storm core and 


) s 
that the realizable La is restricted by the possible 
z 


heat transfer at the air-sea boundary and by 
the thermodynamics of the condensation heat 
release in the vertical. 

In Section 4, the pressure reduction following 
a parcel along an inflow trajectory was related 
to the sensible heat transfer from the ocean 
using the first law of thermodynamics (equa- 
tion 11) in the form that obtains if heat is 
added at constant temperature. As mentioned, 
this implies maximum production of kinetic 
energy through the sensible heat source. When 
equation (11) is differentiated with respect to 
time, 


(28) 


where J is the mechanical equivalent of heat. 
For particles moving horizontally toward the 
center 


LaDy %p 
odt pos 


(29) 


The well-known kinetic energy equation is 
obtained by multiplying equation (2) by v 
J 7 / ? 


dv VIP VOT 
U SE 
ot ods 0% (30) 
ei; Op Äh # r : 
The term is the production of kinetic 


energy by pressure forces, and it is now 
apparent that kinetic energy is produced from 
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the oceanic heat source at a maximum rate 
during isothermal and horizontal motion. 

From equations (17), (28) and (29) the 
pressure gradient force may be related explic- 
itly to boundary heat transfers, 


dh, « v op 
Dee hls Time: 
so that 
1d 
= À = JKso Ciel) (31) 


The pressure gradient along the trajectory is 
thus limited by the input rate of sensible heat 
from sea to air. 

A second thermal constraint must be met 
by the system. Since hydrostatic equilibrium 
prevails, pressures exerted by and on subcloud 
air particles must be consistent with the 
density of the air column above them. If the 
lapse rate is essentially wet adiabatic, equation 
(1) relates the surface pressure to the equivalent 
potential temperature Og of the vertical 
column. This places a simultaneous constraint 
upon the total, latent plus sensible, heat 
addition. 

From equation (1) 


op ” d0E 
sera À ; os (32) 
where x =2.5 mb/° A. 
Furthermore, 
dOz 90e _ Qsp+ pr 
ee ac (33) 


Combining (32) and (33) and substituting 
from (18), we have 


Ip XI x 
a + Q.p)=—|Ksp(Tw— Ta) + 
ieee ae, (Rs Q.p) 2 = sP( ) 


ate Kep (es x. ea) 


To be consistent with (31) 


Ksp (TE - T,) = ike [Ksp (Ty a 7) 2p 


PC» 


+ Kop (ew — ea)] (34) 


and a relation between sensible and latent heat 
pick-up is prescribed. With the data of 
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Section 4, Qsp=!/; Qep from equation (34) 
tor the moderate storm. 


Maximum kinetic energy production and relative 
stability criterion. As shown, the core surface 
pressure gradient is restricted by thermal 
processes, sea-air transfer on a turbulent- 
convective scale and condensation heating on 
a convective cloud scale. These operate to 
limit the realizable values of C and thus im- 
pose a restriction upon the selection of actual 
trajectory. The upper limit may be calculated, 
based on a thermal circulation theory by W. 
Markus and VERONIS (1958). They showed 
that when several solutions to the equations 
of motion are possible, that one is selected 
which maximizes, under the thermodynamic 
constraints, the kinetic energy production, or 
strictly, potential energy release minus frictio- 
nal dissipation of kinetic energy. The theory 
takes the form of a “relative stability” criterion. 
It is rigorous if production and dissipation 
terms, and constraints, can be stated formally 
in the kinetic energy equation. 

If equation (30) is integrated vertically 
through the inflow layer with the assumptions 
and methods applied to equation (4) 


aK i1.dv" Kr. 
RT oo (35) 


where K is kinetic energy per unit mass. 
Following Malkus and Veronis, we shall sub- 
stitute the dynamic solution for v as a function 
of C (equation 9) into (35) and maximize 
dK/dt as a function of C. The weakness of 
the approach relative to that of Malkus and 
Veronis is that we are as yet unable to for- 
mulate the constraints rigorously. All dissipa- 
tion of kinetic energy is incorporated into 
friction at the boundary in terms of an em- 
pirical coefficient Kp. The pressure production 
term we believe to be limited by boundary 
transfers and cloud scale releases; clearly these 
may depend upon the dynamics in a manner 
as yet unknown. Nevertheless, the results are 
of interest and point the direction for further 
investigation. 

The maximization of dK/dt as a function 
of C in equation (35) will be carried out at 
r =1,=100 km, where the core pressure 
gradients maintain and where the angle is 
still assumed constant at Br. Selection of B 
at this radius (together with r,) completely 


v Op 


0 ds 
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Fig. 7. Graph showing results of trajectory selection by relative stability criterion. Cal- 
culation made at r=100 km. Solid lines show relationship between v in m/sec (ordinate) 
as function of —C(r) (abscissa) when ro is chosen as labelled at the left of each solid 
curve. For a single choice of r, these dynamic solutions permit an infinity of v’s at 100 
km depending on choice of C. The x’s show how the relative stability (maximum 
kinetic energy production) criterion selects only one of these when the core pressure 


gradient —— Op|ds is prescribed. Fixing— © Op/ds chooses from each curve only one 


possible solution, indicated by intersection of dashed and solid lines. 


determines the dynamic solution. When 


0 à ' 
en 2 from equation (31) is substituted into 
0 ds 


(35), the latter equation has the form 
dK/dt = A v,-Bv,? 


d 

where v=, atr, A=- oer =JKsp (Ty — Ta) 
a 

and B = Kr/öz. dK/dt is an implicit function 

of C through equation (9). Differentiating with 

respect to v, and equating the derivative to 


zero, we find the value of v, which maximizes 
dK/dt, namely 


d/dv, (dK/dt) = A - 3Bv,? =0, 


where Vy is the value of v, which maximizes 
dK/dt. Substitution from equation (9) for v 
in terms of C permits solution for the maxi- 
mum constant C,, when Ksp (Ty, — T,) and 
the other parameters are prescribed. In general, 
this leads to a transcendental equation in C,, 
which had to be solved numerically. The 


and 


ye (Ty z a) 
3Kp/6z 


procedure will be illustrated for the case 
when ry) = 800 km so that the exponential 
term in equation (9) is negligible, with the 
approximation that vv which for kinetic 
energy considerations is very nearly true. Then 
equation (9) becomes 


f 


Vv en 
1m 2 
Ge ry 


[1 - Curl. (37) 


Combining (36) and (37) 


© Ksp (Ty = Ti) 
Cr J 
: 3Kr/öz 


+fCure=f so: (ss) 
If we substitute the values of JKsp (Ty — Ti) 
calculated from Table 3 for the moderate 
storm, and also the values of the other para- 


meters assumed for the model, C,, = - 4.35 x 
107% cm! and ß = 18° 10’. Using the exact 
equation (9), C,,=-—4.0 x 10-® cm! er 


= 20° for rg = 500 km. 

Fig. 7 shows the result of the calculation. 
The solid lines denote v as a function of C at 
100 km for different values of ro. The x’s on 
these curves were arrived at by the relative 
stability criterion using the exact equation (9) 
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and various values of JKsp (T,—T,). These 


| 1d 
are entered in terms of — ~ £ 
0 ds 


figure, with dashed lines interpolated to show 
what points would be chosen on dynamic 
curves intermediate between those actually 
drawn. We see that for the intense storm 


(by 31) in the 


(ro= 500 km; C= - 3.2 x 10-8) 


core must be about 1.44 cm/sec? or 2.4 times 
that of the moderate storm, which means 
that the product JKsp(T,— Ta) must be 
2.4 times greater as well as the sum of Qsp+ 
Q.p. We do not yet know whether there is an 
upper limit upon T,- T, and ey — e,, which 
for example might be imposed by the dewpoint 
of the inflowing air. 

The criterion of maximum rate of kinetic 
energy production within the thermal con- 
straints of the system would determine, if we 
could formulate the latter rigorously, the 
selection between dynamically possible trajec- 
tories. Actually we have said only how the 
heat must be transferred and released to 
realize these and must look further into the 
controls upon convective and turbulent scale 
processes and their interaction with large-scale 


2 1d 
dynamics. However, once Hae (core) and ro 
oe 


determine ß, a relatively simple method for 
estimating the strongest wind within the core 
is available from formulation and integration 
of equation (35) with respect to s, namely 


: CCC 1 Op 
AT FE = a > 17 
2 ds % FT Ksp ( ) (39) 
when dv/dt is written v dv/ds and a v is divided 
out. The solution is 
2Kps 
Vive % + 


„Kar (Tw = 1) Oz en 


Een) (4) 


with v = v, at s = 0, which is to be the value 
of v at r = 100 km. Fig. 8 gives the results for 
the moderate and intense storms. The com- 
parison with the v’s (points in Fig. 8) cal- 
culated from equation (10) is, as expected from 
Table 6, excellent except in the inmost regions, 
Tellus XII (1960), 1 
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Fig. 8. Core velocity (m/sec) as function of r and As 
(distance along trajectory from r=100 km); A for 
moderate storm, B for intense storm. Solid curves show 
profile from solution to equation (39) representing maxi- 


Age 4 : I 
mum kinetic energy production, with— — dp/ds chosen 


as prescribed by Fig. 7. Points are values from dynamic 
model via equations (9—r0). 


showing that the arbitrary linear decrease in 
sin B with radius in the core is a fair approxima- 
tion to maximum kinetic energy production 
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Table 10. Comparison of Moderate, Intense, and Extreme Hurricane. 
1 dp Ratio core P 
Br Yo Umax ew COre | press. grad. x 9, (max) 
Storm 0 AN 

(deg) (km) (m/sec) (cm/sec?) erate storm (mb) (°A) 
A. Moderate..... 20 500 60 0.6 1.0 966 362.5 
BAINS CP 25 500 90 1.44 2.4 910 385 
CHEXtTremMme. "710 25 800 105 2.0 3.4 882 396 


at first, but decreases the inflow angle too 
rapidly near the eye wall. 

Equation (40) shows that as s becomes 
large, the velocity asymptotically approaches 
a limiting value, called vo in Fig. 8, namely 


v = /Ksp Cl = 1) Ôz 
co i ie 


(41) 


which is determined by heat transfer (or core 
pressure gradient along s) and the ratio of 
depth of inflow layer to surface friction 
coefficient only. For the moderate storm, va 
has the value 66.5 m/sec and for the intense 
storm it is 106 m/sec. For the normal range of 
inflow angles considered, the maximum wind 
attained just outside the eye wall is about 
90 % of vs. Therefore if we know the velocity 
and inflow angle (radial average) at r = 100 
km, we can read from Fig. 7 the core value of 


Ge JKsp(T,- Ts) and estimate the 


maximum windspeed from the relation 


TT) 62 
2 
K (42) 


Vinax = 0.9 wel 


Conditions for extreme storms. We may now in- 
quire into conditions for an extreme storm with 
maximum winds on the order of 200 knots 
and central pressures below 900 mb. From 
equation (42) a core pressure gradient of 2.0 
cm/sec? (3.4 times that of the moderate 
storm) produces a maximum ‚wind of about 
105 m/sec or 210 knots. Using Fig. 7, such a 
storm will be obtained with ßL=25°, ro = 800 
km. A dynamic calculation was carried out 
for this storm, in the same manner as for the 
previous two. At latitude 20°, a hurricane 
for which this trajectory is a mean would 
need a central pressure of 882 mb, about as 


4 


low as any hurricane or typhoon pressure on 
record. The requirements O moderate, intense, 
and extreme storm are compared in Table ro. 

To maintain hydrostatically the extreme 
pressure of 882 mb, the required Og is 396° A 
from equation (1). Although pressures above 
100 mb must be somewhat disturbed by 
such a deep storm and ascents of this heat 
content, this would not occur unless Og > 
395° A. Ascent with this very high heat 
content is possible if subcloud air is heated 
isothermally at T = 28.2° C and the specific 
humidity is 27 gm/kg (cloud base ~ 100 m). 
If the sea surface temperature is about 30° C, 
the same air-sea temperature and vapor 
pressure differences are obtained as used in 
Section 4 for the moderate storm. Thus to 
achieve an extreme storm in the framework 
ot this model, transfer coefficients enhanced 
by a factor of 3—4 appear to be necessary. 
This deduction is based on the premises used in 
deriving equations (31) and (42) and is sensitive 
to the modelling assumption of a nearly 
vertical eye wall. Using the eye. calculations 
of Markus (1958), we find that,a wall cloud 
slope of about 45° could, under certain condi- 
tions, give surface pressures in the inmost 
rain area in the vicinity of 900 mb, and 
presumably extreme winds, without appreci- 
ably increased transfer coefficients. To date, 
no such extreme wall cloud slopes have been 
obtained from the observation sample worked 
up by the National Hurricane Research Pro- 
ject, which do not, however, include an 
storms with winds in the neighborhood of 
200 knots. 

We thus postulate two simultaneous thermal 
constraints which restrict the solution to the 
dynamics of the hurricane inflow. The first 
is set by the air-sea boundary and the sensible 
heat transfer, the second by the boundary 
latent heat transfer and the ability of the at- 
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Table 11. Precipitation and Efficiency of Hurricane Circulations. 


R H GF Efficiency PW Production 

Rainfall Latent Heat Ground Pressure- Cn 
— j= RW— 

Storm 90--30 km Release friction GF/H Work oa 

cm/day joules/sec joules/sec joules/sec joules/sec 
; HOR 101? 7 To TO 

a ea )) DIN SOUS Ste 

Su Moderate 7: . 2; 48 272 3.7 1.4 6.6 2.9 
Bntense 22... 78 443 Ty 2.6 22.8 ENT 
G. Extreme. ....: 94.5 535 1710 3.3 36.2 18.6 


— denotes area average between 7 — 90 km and 7 — 30 km. 


mosphere to convert the latent to sensible heat 
by moist adiabatic ascent. During deepening 
of a storm to moderate intensity our results 
suggest that the latter restriction is usually 
the binding one, in that super-normal transfer 
rates per property difference and wind speed 
are not required. During deepening to the 
extreme strength, the model suggests that 
boundary constraints may become predomi- 
nant, although lack of critical observational 
tests of its postulates for these cases leaves this 
point still open. 

In conclusion of this section, we see that 
higher average inflow angles, or more exactly 
lower (numerical) values of C, permit more 
intense storms due to reduction of trajectory 
distance and thereby of frictional dissipatio: 
of kinetic energy. The larger the inflow angle, 
the closer the velocity profile approaches that 
of the constant angular momentum vortex 
which, without friction, would arise from 
any inflow angle. Very high angles are pre- 
vented in ral situations due to thermodynamic 
restriction: on the realizable pressure gradients. 
When the. trajecto#y distance is reduced, the 
air cannot pick up and release by condensation 
enough extta heat, energy to achieve the 
required gradient off Og and thus of surface 
pressure. In’ each hu Ticane situation there is a 
balance whereby the trajectory adjusts its 
angle so that just enough heat is supplied 
and released to maintain the pressure gradients 
that the resulting dynamic fields require. 


6. Rainfall and Kinetic Energy 


It is desirable to determine whether the 
models evolved“ permit precipitation in the 
amounts commonly observed in hurricanes, 
and what the efficiency of the latent heat 
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release must be in this type of thermal engine- 
We may estimate the area-averaged precipita. 
tion in the cores of storms A, B and C, follow- 
ing the method of RIEHL and Byers (1958). 
The method consists in determining the differ- 
ence in moisture import between r = 90 km 
and r = 30 km and assuming that this amount 
of vapor is lifted and condensed; the storm 
outflow is hypothesized to occur high enough 
so that 75% of the converging vapor is 
precipitated and only 25 % or less is exported 
in the upper outflow. With these assumptions 
Table ır is obtained. 


Since the amount of additional water vapor 
evaporated from the sea surface in this interval 
is less than 10 % of the difference in horizontal 
transport, this increment is within the uncer- 
tainty of the percentage exported and is, in 
this calculation, ignored. The maximum pos- 
sible rainfall is thus nearly 1.5 times that shown 
in the Table. The small ratio of water vapor 
increment to transport and release emphasizes 
the point that it is not the total amount or 
rate of condensation whick is important to 
storm maintenance, but the heat content or Og 
at which the release occurs that affects the 
surface pressure (eq. 1). Thus curiously enough, 
the oceanic source of water vapor, apparently 
so vital for the very existence of the storm, 
makes a negligible contribution to its water 
budget. Similar comments hold for the 
oceanic source of sensible heat. In fact, Table 4 
showed that the total added heat energy from 
the ocean is on the order (for the moderate 
storm) of 2.5 cal/gm, while the average normal 
heat content (latent plus sensible) of tropical 
air is about 80 cal/gm. 

Determination of the radial velocity from 
dynamic calculation gives the mass flow as a 
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function of radius for any chosen depth of 
the inflow layer. The latter is assumed here to 
extend over a pressure depth of 100 mb, a low 
estimate. In actual cases, some inflow has been 
observed to occur as high as the middle 
troposphere. Mixing ratios are obtained from 
the data of Section 4. The first column of 
Table 11 shows a rainfall of 48 cm/day inside 
the 90-km radius for the moderate storm, 
which agrees favorably with the average of 
33.7 cm/day in the inner 1°-latitude (111 km) 
radius quoted by Riez (1954), where the 
same inflow depth was used, and with the 
order of magnitude of precipitation observed 
in hurricanes. The second column in the table 
labelled “Latent Heat Release” is computed 
directly from the amount of precipitation. 

We may inquire about the relative magni- 
tude of the latent heat release compared to 
the frictional kinetic energy dissipation in the 
core to estimate the storm’s “efficiency” as 
defined by RreHt and Byers, DEFANT (1958), 
and others. 

The dissipation of kinetic energy by ground 


friction (GF) may be obtained from the 
expression 


GF = - Krogv,2A, 


where A = 2.26 x 1014 cm? is the area between 


r=90 km and r=30 km, and vo is the area 
average of the cube of the wind speed. Alter- 
nately, GF may be computed from equation 
(35) by multiplying v,% therein by the mass 
in the core. The results for GFand the efficiency 
of the circulation defined here as GF/H are 
shown in Table 11. It is interesting to note 
that the more intense storms require a more 
efficient release of latent heat, due to the 


increase of GF with the cube of v, while the 
moisture convergence increases approximately 
as v. 

The last two columns in Table 11 give the 
area-averaged pressure work, and the difference 
between kinetic energy production and dissipa- 
tion by ground friction for the inflow layer. 
These columns were obtained from equation 
(35) taking area-averages of v and v® and 
multiplying by the mass. It is seen that the 
production rate is roughly twice the dissipation 
rate forall three storms. Since steady-state 


r (km) 


Kinetic Energy Budget (unit: 10" joules /sec) 


Fig. 9. Kinetic energy budget of inflow layer for moderate 

storm computed by same radial intervals as Figs. 5 and 6. 

Unit ro! joules/sec. The term PW denotes work done 

by pressure forces, GF dissipation of kinetic energy by 

ground friction. The terms with arrows indicate lateral 
and vertical transports. 


hurricanes are considered, the dissipation of 


kinetic energy by internal friction (IF) may 
at least equal the boundary dissipation. Nor- 
mally the wind speed is much higher in the 
inflow layer at r = 90 km than in the high- 
tropospheric outflow layer, so that kinetic 
energy is imported from the outer regions of a 
hurricane toward the core. This implies that 
internal may exceed the boundary dissipation. 
Thus our definition of efficiency in Table 11 
may not correspond to the more rigorous 
one of DEFANT (1958) which takes the ratio 
of the irreversible part of the work done to 
the heat release. We do not know how much 
kinetic energy export by eddies, if any, 
should be subtracted from the pressure work 
term and thus cannot prescribe the sum GF + IF 
with certainty. The upper limit efficiency 
(PW/H), however, is about twice the percent- 
ages shown in Table 11. A more complete 
kinetic energy budget for the moderate storm 
is computed in the following. | 
The kinetic energy budget for the core 
region of the moderate storm is shown in 
Fig. 9, broken down into the same intervals 
as the heat and moisture budget was in Section 
4. The horizontal imports and exports through 
vertical walls were calculated by multiplying 
the kinetic energy per unit mass, v?/2, with 
the radial mass flow. Similarly, the flux through 
the top of the layer was determined by multi- 
plying the area average of v?/2 for each in- 
crement of 20 km in radius with the vertical 
mass flow for each of the three areas. The 
boundary dissipation GF was calculated as 
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residual; total GF coincides with that of 
Table 11. This agreement supports the cal- 
culations of Table 11 materially, because an 
arbitrary coefficient Kr need not be assumed 
for Fig. 9. 

It is seen that the pressure work PW exceeds 
GF in each interval but by decreasing amounts 
as the center is approached. Total production 
for the whole area is 66.3 units, almost the 
same as the import through the outer boundary. 
Thus a major fraction of the kinetic energy of a 
hurricane is produced outside its core (cf. 
also PALMÉN and RIEHL 1957). 

It would, however, be misleading to deduce 
that the core is maintained chiefly by importa- 
tion of kinetic energy produced in the out- 
skirts. To illustrate this, the budget of Fig. 9 
may be recomputed equating GF=PW in 
the intervals 90>—70 km and 7o—s50 km. 
Given the requirement that the vertical export 


be at the value of v?, we have a wind speed of 
only 34 m/sec at r= so km, and a minimal 
strength hurricane with a maximum wind 
of 42 m/sec at r = 70 km. Further, as shown 
by RIEHL and Gentry (1958), non-hurricane 
tropical storms may possess total kinetic 
energies comparable to that of small hurricanes, 
with maximum winds at a great distance (about 
150 n.mi.) from the center. What these storms 
apparently do not possess is the core production 
necessary to accelerate the small amount of 
mass penetrating to the center to high speeds. 
Therefore, an essential ingredient determining 
the difference between tropical storm and 
hurricane appears to be the core production 
which in turn depends on the extra oceanic 
heat source and the release of the latent heat at 

The kinetic energy transported through the 
top of the inflow layer in Fig. 9 will in small 
measure be exported by the outflow; the latter 
may also move slightly toward higher pressure 
above the huricane core. However, the bulk 
of the kinetic energy is likely to be dissipated 
by internal friction over the depth of the 
troposphere. 


7. Concluding Remarks 


Some aspects of the model proposed here 
have been subjected to observational test, 
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using data from flights of the National Hurri- 
cane Research Project. In particular, it was 
desired to learn how closely realized was the 
hierarchy of wet adiabatic ascents postulated 
to maintain surface pressure gradients. Hydro- 
static calculations were undertaken for the 
rather complete set of flights into hurricane 
Daisy (1958); while temperatures 1—3° colder 
than wet adiabatic ascent of surface air were 
common in the mid-tropospheric levels of 
the core, the high levels of the storm were 
found to be filled with air of the required Og. 
Since the hydrostatic calculations demonstrated 
that about 75% of the surface pressure 
lowering is achieved by warming above 500 
mb, the mid-tropospheric low temperatures 
have a negligibly small effect on the mass 
distribution. These temperature deficiencies 
suggest, however, that the moist adiabatic 
ascent does not take place by means of uniform 
and gradual ascent of the whole mass in the 
hurricane but, that as postulated by Rien 
and Markus (1958) for the equatorial trough 
zone, it is largely concentrated in regions of 
rapidly ascending buoyant hot towers. This 
subject is being developed further in current 
studies, which also include heat, mass and 
energy budgets for observed hurricanes to be 
used in comparison with the present results. 
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A Numerical Prediction Experiment Involving Data Paucity 


and Random Errors 
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Abstract 


soo-mb prognoses computed with a barotropic model from progressively lessening amounts 
of data, showed increasing statistical differences. These differences also grew with the passage 
of time. With increasing paucity of data, the smaller meteorological features disappeared, while 
larger features were smoothed and suffered a change in speed of motion. 

Random errors, which simulated a natural error source, were added to the data. This appeared 
to intensify and decelerate the features on the prognostic charts. 


Introduction 


Errors in observational data are stilla challeng- 
ing problem despite great progress being made 
in eliminating them. Attention has also been 
focused upon other contributors to forecast 
inaccuracy. Variations between analyses of 
the weather central of the Royal Swedish Air 
Force and the Deutscher Wetterdienst, Frank- 
furt, Germany, grew into operationally signif- 
icant differences in 48-hour and 72-hour fore- 
casts (BEST, 1956). Within the same group of 
forecasters, analyses vary greatly (BERGGREN, 
1957) with anticipated forecast differences. 

All forecasters agree that sparsity of data 
leads to analysis error with concomitant fore- 
cast error. Isolated examples showing how 
extreme these can be are familiar to all practic- 
ing meteorologists. Each veteran forecaster has 
his favorite story about a forecast that was (or 
was not) a “bust”? simply because of the 
absence (or presence) of one weather observa- 
tion in an area of no data. But are these critical 
observations as common and serious as these 
entertaining tales suggest? 
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A 300-kilometer distance between grid 
points is considered suitable for numerical 
weather prediction of the mid-tropospheric 
flow. Such grid points may be considered as 
weather reporting stations, each conveniently 
separated from adjacent “weather stations” by 
a 300 kilometer distance. But is this the only 
satisfactory upper air data from meteorological 
and economic points of view? Would not 
station separations two, three or four times as 
great produce essentially the same forecasts or 
forecasts which are nearly as accurate? If 
the weather stations were progressively 300, 
then 600, then 900 and finally 1,200 kilometers 
apart, how would the shape and movement of 
the forecast meteorological systems be affected? 
Using the forecast computed from the more 
plentiful 300-km spaced data as a standard, 
one could compare it with the other forecasts 
and consider the differences as errors. These 
would be “forecast errors” caused by in- 
creasing data paucity. 

But many sources of error, not just one, are 
involved in forecasting. For a proper under- 
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standing, it is necessary to know how these 
interact. This information could contribute 
toward determining if further reduction of 
various errors is warranted. The simplest in- 
teraction to study would be that between 
only two error sources such as data paucity 
and random errors. This paper attempts to 
shed some light upon the effect on forecasts 
rendered by increasing the paucity of meteoro- 
logical data and by allowing a random error 
source to operate on that data. 


Procedure 


During January and March 1956 the Swedish 
Air Force machine-computed 24-, 48- and 72- 
hour forecasts on a routine basis. Each forecast 
was calculated from an objective analysis 
(BERGTHORSSON and Döös, 1955) having a 
grid interval of 300-km at 50° N latitude. 

In this experiment these Swedish Air Force 
routine numerical predictions were used to 
verify experimental forecasts. The latter were 
derived in the following manner. From the 
objective analysis all data or “observations”? 
were removed except those at the grid points 
which were 600 kilometers apart. This formed 
a 600-km grid of data. These remaining data 
were analyzed in the conventional manner 
(by hand). The same procedure was repeated 
to obtain analyses with data spacings of 900 
and 1,200 km. Each chart was analyzed by a 
different analyst who had not become biased 
by seeing any of the other charts. 

Then pressure-height values were carefully 
interpolated at all intervening grid points in 
order to make machine computations. The 
differences between these new interpolated 
values and the original objective analysis 
values, which were removed, can be looked 
upon as the error of analysis introduced by 
increased paucity of data. Numerical forecasts 
were made from these artificially derived 
charts and the results compared with the 
corresponding verifying forecasts. Numerical 
weather prediction gives a unique solution 
for each synoptic situation. One may then 
attribute any difference between the artificial 
forecasts thus obtained and the corresponding 
verifying forecasts to be due only to the 
differing abundance of “observational data”. 
Intuition suggests that this difference will 
grow with increasing data sparsity and will 


be accompanied by a corresponding increase 
in forecast error. 

The routine forecasts accomplished by the 
Swedish Air Force and the experimental nu- 
merical predictions made for this project were 
computed over a rectangular 32 x 41 grid of 
1,312 points on a polar stereographic projec- 
tion. See Figure 1. (This experiment dealt with 
varying distances between data but the fore- 
casts computation grid interval was always 300 
kilometers.) The complex and very subjective 
procedure of conventional forecasting was 
standardized by utilizing the digital computer 
BESK and the same barotropic forecasting 
model (Born, 1955) for every forecast. 

The synoptic time for all analyses and 
forecasts was 1500 Greenwich Meridian Time 
and all discussion concerns the soo-mb level 
only. Forecasts computed from data spaced at 
600-, 900-, 1,200- and 300-km is referred to 
as the 600-, 900-, 1,200- and 300-km (Swedish 
Air Force verifying) forecasts, respectively. 


Data Spacing 


A 300-km spacing of data exists over the 
United States while west-central Europe with 
the British Isles can boast of a 200-km spacing 
of data. The 900-km spacing corresponds 
roughly to the distance between the following 
Atlantic Ocean weather ships: 


Weather Ship A— Weather Ship C 
» » VER » » I 
» » Gt » » J 
» » Bee » » @ 
» » Hi ai » » K 


A 1,200-km spacing corresponds roughly to: 
Weather Ship C — Weather Ship D 


» » De » » E 
» » As » » J 
» » ies » » @ 


Other spacings between weather ships are 
greater than 1,200 kilometers. On the Pacific 
Ocean distances between weather ships are 
generally greater than in the Atlantic region. 


Adding Random Errors 


Paucity of data is not the only source of 
error in a forecast. There are several others. 
In order to observe how two such sources of 
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error might operate simultaneously on a 
series of forecasts, a group of random errors 
were added in a random fashion to the 1,312 
grid points on the original Swedish Air Force 
objective analysis. The procedure of deleting 
certain data, making a conventional subjective 
analysis from the remaining data and inter- 
polating values for the deleted points, was 
repeated. Each analyst was warned that 
random errors had been added to the pressure- 
heights but was asked to use caution in dis- 
carding data. The resulting analyses contained 
errors due to both paucity of data and the added 
random errors. Numerical forecasts were made 
from these doubly contaminated data. The 
random errors were chosen (CONRAD and 
POLLOCK, 1950) so as to have a normal distri- 
bution with a standard deviation of 20 meters. 


The Cases 


Three cases were compared. 
Tellus XII (1960), 1 


Location of the grids used in the numerical predictions and in the 
statistical verifications. The numerical predictions were made over the grid 
containing all the dots. The verifications were done over the two smaller areas 
enclosed by the rectangles. 


Case I 13 January 1956 
Case II 24 January 1956 
Case III 28 March 1956 


Case II was a relatively high-index synoptic 
situation whereas the others were low-index. 
Three cases are insufficient in number to 
guarantee the following results to be statistically 
significant but they may substantiate or 
contradict intuitive speculations. Occasionally 
it is beneficial to critically scrutinize such in- 
tuitive impressions. 


Statistical Comparison 


‘The charts were compared statistically for 
the following: 


1. Direction of flow 
2. Speed of flow 
3. Change of flow 


The linear correlation coefficient between 
corresponding pressure-heights on two charts 
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Fig. 2. Direction of flow comparison. (a) Correlation 
between forecast and verifying pressure-heights. (b) Pet- 
terssen’s Skill Score for forecast and verifying pressure- 
heights. (c) Root-mean-square of the differences between 
forecast and verifying pressure-heights. 


is a measure of similarity of the direction of 
flow. When the correlation coefficient is 1.0, 
the charts concerned have the same direction 
(but not necessarily speed) of flow. 


With Random 
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Fig. 3. Speed of flow comparisons. (a) Correlation between 
forecast and verifying vector wind speeds. (b) Root-mean- 
square of the differences between forecast and verifying 
vector wind speeds. (c) Average vector wind speed 
differences between forecast and verifying charts caused 
by differing paucities of data. Average vector wind speed 
errors in USAF Air Weather Service Forecasts, average 
vector wind speed errors resulting from Climatology 
and from Persistence Forecasts (ELLSAESSER, 1956). 


A skill score (PETTERSEN, 1957) is also used 
in order to relate forecasts of the high and 
low index situations. If one lets P;, and Pp, 
denote the correlation coefficients between the 
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initial objective analyses and verifying charts 
and between the experimental forecast and 
verifying charts, respectively, then Pettersen’s 
correlation skill score S is defined as: 


S will vary between 1.0 and — co where 1.0 
is a perfect score. Positive values show skill 
and 0.0 indicates no skill or a forecast of 
persistence. 

The pressure-height differences between 
corresponding points on two charts also 
compare circulation or pressure-height con- 
figuration. The root-mean-squares of these 
differences have been included. See Figure 2. 

Speed of flow was the second measure of 
forecast excellence. In this experiment the 
geostrophic vector flow was computed at 
each grid point and the scalar magnitudes of 
the flow (speed) were compared for correspond- 
ing grid points. The linear correlation coefti- 
cient between geostrophic wind speeds at 
corresponding points on two charts is presented 
along with the root-mean-square vector differ- 
ence and the average vector difference. See 
Figure 3. In addition an average of the maxi- 
mum vector wind speed difference on each 
chart is presented as illustrating maximum 
forecast wind speed error in an individual 
forecast. See Table I. 


Table 1. Max Wind Speed Difference m/s 


Forecasts 
ere Random Error i ñ h 
pacıng 24 | 48 | 72 
600 Without 9 9 14 
900 » 18 20 22 
1,200 » 22 22 23 
600 With 16 20 18 
900 » | 24 18 20 
1.260 | » 22 24 26 


The third measure of forecast excellence, 
change of flow, is suggested by two statistical 
summaries of pressure-height changes with 
time. These include the linear correlation 
coefficient between height-changes at corre- 
sponding points on the forecast and verifying 
rn at 24, 48 and 72 hours. Also the root- 
mean-square of the differences between veri- 
fying and forecast height changes is shown 
under the conventional symbol e. See Figure 4. 
Tellus XII (1960), 1 
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Fig. 4. Height Change Comparison. (a) Correlation 

between forecast and verifying changes (with time) of 

pressure-heights. (b) Root-mean-square of the difference 
between verifying and forecast height changes, &. 


All statistics were computed over the two 
areas depicted in Figure 1. The smaller has 
19 X17=323 grid points; the larger area has 
29 X24 = 696 grid points. Only the results 
computed over the smaller area are shown. 
The results over the larger area were generally 
similar. 


Statistical Results 


a. Direction of. flow. Figure 2 verifies intuitive 
speculation by showing that the difference 
between forecast and verifying charts increased 
with the distance between observations. It 
also increased with time, with a slight accelera- 
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tion in growth of the difference between 48 
and 72 hours. 

When the random-errors-effect is added, 
the 24-hour forecast computed from 900-km 
data spacing is initially least different from the 
verifying 300-km forecasts. However, the 
600-km forecasts show greatest similarity to 
the verifying 300-km forecasts at 48 and 72 
hours. In general the 600- and 900-km charts 
resemble each other more closely than the 
verifying 300-km or the 1,200-km forecasts. 

b. Speed of Flow. An idea of the importance 
of the change in forecast wind speed due to a 
decrease in number of observations can be 
gained by a comparison with the average 
vector speed error of winds forecast in the 
U.S.A.F. Air Weather Service Forecast Capa- 
bilities (ELLSAESSER, 1956). In the 24-, 48- and 
72-hour soo-mb AWS forecasts, the errors 
averaged II, 13, IS m/s, respectively. Clima- 
tological and persistence forecasts each gave 
average errors of about 15 m/s. These compare 
with changes of 3—4, 5—6 and 6—8 m/s 
caused by using the 600-, 900- and 1,200-km 
fields of data, respectively, instead of the 
objective analysis. When both random error 
and paucity of data are contaminating the 
analysis simultaneously, the corresponding 
changes are s—6, 5—7 and 6—8 m/s. These 
statistics are depicted in Figure 3 c. 

Generally speaking the errors caused in this 
experiment by varying the data density alone 
and by varying data density while also in- 
cluding random errors, are from one-quarter 
to one-half of the magnitude of errors observed 
in wind speed forecasts. If these errors are 
additive then it may be claimed that the 
600-km grid of data is deficient while the 
1,200-km grid of data is unsatisfactory for 
wind speed forecasts. From 24 to 72 hours 
the decrease in accuracy of a wind forecast is 
less than the change caused by varying data 
spacing by 600 or 900 kilometers. Adding 
random errors to the 600-km spaced data 
nearly doubles the amount of change. On 
the other hand, it makes little difference when 
the random errors are added to the 1,200-km 
spaced data. 

One explanation is immediately apparent. 
Plentiful data give good definition of features, 
even of the short error waves. On the other 
hand, data paucity induces smoothing which 
obliterates the very short waves while mildly 


affecting the longer meteorological waves. 
A pattern of random errors consists of many 
short error waves which are not well described 
in a 1,200-km data field. On the other hand, 
there is less smoothing in the 600-km data so 
its error field is better defined and has a 
conspicuously deleterious effect on the forecast. 

Among the curves for sparse data (900-km 
and 1,200-km) forecasts, a few points show 
increased “accuracy” after random errors have 
been added. This may be a statistical oddity or 
it might be partly due to the errors temporarily 
producing a more “accurate’’ forecast. When 
the scale of the initial error field is much less 
than the scale of the meteorological pertur- 
bations, the forecast error may decrease tem- 
porarily (THompson, 1957). Also it might be 
due to the verifying forecasts being correct 
only by definition or assumption. BERGGREN 
(1957) showed that 29 analysts will produce 29 
appreciably different analyses from the same 
set of synoptic data. So the “correct” forecast 
or analysis must be one that is assumed or 
defined to be such. 

Table I shows the maximum vector wind 
speed difference which illustrates the magni- 
tude of wind speed error associated with 
data paucity and random error effects. This 
statistic does not have such a clear-cut time 
or data dependence. It is largely a function 
of only two or four adjacent pressure-height 
data. 

c. Change of flow. Döös (1956) and BERG- 
THORSSON (1955) have observed & to be about 
55, I15 and 175 meters for 24-, 48- and 72- 
hour forecasts, respectively. These values 
were numerically computed for the eastern 
third of the small area in Figure 1 during 
November 1954 to February 1955. A compa- 
rison with values of ¢ from this study shows 
that decreasing data abundance to 600-, 900- 
and 1,200-km spacings gives differences whose 
RMS-values amount to roughly 4, % and %, 
respectively, of the Döös et als forecast errors. 
See Figure 4. Including the random-errors- 
effect increases the differences only slightly 
except for the 600-km data spacing in which 
case, the forecast error is more than doubled. 

d. Statistical Conclusions. The direction, speed 
and change of flow were compared in forecasts 
computed from data with different spacings; 
1.€., 300, 600, 900, and 1,200 km. Differences 
between these forecasts increased with the data 
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paucity progressively from roughly % to about 
% of the ordinary forecast error. So scarcity 
of data does make a difference in forecasts. 

Adding errors to the data had relatively 
innocuous effects when such data were widely 
dispersed but when the data were plentiful 
the effect was serious. This was especially true 
during the first twenty-four hours of fore- 
casting, for the addition-of-random-errors- 
effect is most noticeable initially but in time 
tends to fade away. 


Subjective Comparisons 


As far as verification is concerned, statistical 
comparisons are scarcely sufficient, at best. 
A visual comparison is necessary. Charac- 
teristics common to all the forecasts may be 
seen by examining a few of the charts. 

Figure 5 shows the analysis of 13 January 
1956 with the 300- and the 1,200-km data 
spacing. The greater data spacing smoothes 
most features and essentially loses the trough 
ever Oregon. Forecasts up to 72 hours were 
made from these, as well as all the other 
analyses. See Figure 6. 

In the three cases studied, the adding of 
random errors to the analyses resulted in 
many forecast systems being intensified. In 
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Analysis of 13 January 1956. Solid lines indicate 300-km data-spaced 
objective analysis. Dashed lines indicate 1,200-km data-spaced analysis. 


the example shown of 72-hour forecasts made 
from 1,200-km spaced data (Figure 7), this 
effect is illustrated by the dashed isopleths 
over the Iberian peninsula. (Compare with the 
solid isopleths depicting the corresponding 
forecast without the random-error-effect). 
The random errors contributed to forming a 
cut-off low between two prominent ridges. 
The ridge north of Alaska also illustrates 
the same intensifying process. 

One may mention several factors encour- 
aging this intensification. Adding random 
errors introduces short (error) waves into the 
analysis. These waves express false small-scale 
vorticity patterns which are advected by the 
numerical forecasting procedure. Since the 
barotropic model conserves absolute vorticity, 
these error features gain cyclonic vorticity 
while moving southward and lose it while 
moving northward. So they will tend to 
intensify the troughs and ridges through 
which they are being advected. 

Fjortort (1953) has developed a theory 
applicable to two-dimensional flow of a homo- 
geneous, non-divergent, inviscid fluid in which 
there is a net transfer of energy from the short 
waves to the long waves. When applied to 
the phenomena mentioned above, this theory 
describes how most energy transfer consists 
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Fig. 6. 72-hour forecasts valid 16 January 1956. Solid lines indicate the forecast 
computed from the 1,200-km data-spaced analysis. Dashed lines indicate the forecast 
computed from the 300-km data-spaced objective analysis. 
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Fig. 7. 72-hour forecasts computed from 1,200-km data-spaced analyses. Dashed lines 
indicate the forecast computed from an analysis containing the random errors. 
Solid lines indicate the forecast computed from an analysis without the random errors. 


of that passing from the small error waves to 


error waves, is counteracted by the smoothing 
the larger (intensifying) meteorological sys- 
tem. 


function, (Borin, 1955) built into the nu- 
In addition, the smaller amount of merical forecasting process. Also with this 
energy transfer, that from meteorological to 


portion of the energy gradually transferring 
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to shorter and shorter waves, it is eventually 
lost with those waves which are too short to 
be defined by the grid. In this way the net 
transfer of energy is from small perturbations 
to the longer waves. 

Fjortoft’s idea originated in a theoretical 
development from the vorticity equation. 
Pmirips (1958) considered this phenomenon 
in a different light by studying the finite 
difference operator. Non-linear interactions 
in the operation of a barotropic forecast model 
produce waves of various lengths. Some of 
these waves, whose lengths are shorter than 
the grid interval, may be incorrectly inter- 
preted by the gridas long waves. This mecha- 
nism gives a false transfer of energy from 
short to long waves which also contributes 
to the intensification of the longer meteorolog- 
ical features. 

Over some populated areas data is spaced at 
about every 300 kilometers; over oceans, at 
about every 1,200 kilometers. Forecasts from 
these data-spacings are illustrated by the 72- 
hour forecasts (Figure 6). Note the trough 
over western Europe. The smoothing effect 
of 1,200-km data spacing is illustrated by the 
Atlantic trough and ridge and the flat flow 
over Eurasia. Also the Atlantic trough-ridge 
system was decelerated in its eastward motion 
by the greater data spacing. Over western 
North America is a trough which initially 
lay over the mid-Pacific region where it had a 
wave length so small that it slipped through 
the 1,200-km grid. 


Conclusions 


An increase in spacing between datasmoothes 
large features and eliminates smaller ones. This 
was demonstrated by conventionally drawn 
subjective analyses. Increasing data paucity 
redistributes the flow, decelerating the faster 
moving pressure systems and accelerating the 
slower moving features while the mean flow 
remains constant. It also expands the differences 
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shown between the resulting forecasts. These 
differences grow with the passage of time as 
well as with the spacing between data. 

The addition of errors to the data intensifies 
meteorological systems in the forecast. In 
the experiment this activity counteracted 
the smoothing tendency of increasing data 
spacing. The intensification is accompanied by 
deceleration of motion of the systems affected. 

A decrease in spacing between data provides 
a much better definition of random errors and 
of small-scale weather features of limited 
local interest. It results in a lesser improvement 
in the definition of large scale meteorological 
features which is of general interest. 

So we may conclude that the advantage 
gained by more abundant data will be lost 
unless data accuracy is maintained or increased. 
An increase in data quantity must go hand in 
hand with an increase in data quality. It is 
unwise to improve one while neglecting the 
other. 
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Postscript 


Some time after submitting this manuscript 
the author received the results of a similar 
experiment being performed by Mr. Charles 
L. Bristor of the U.S. Weather Bureau. Those 
results of the two experiments which were 
comparable, were generally compatible. 
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The Relation of Air Mass Structure to the Field of Motion over 
the Eastern North Pacific Ocean in Summer’ 
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Abstract 


The normal structure of the inversion over the eastern North Pacific Ocean in summer is 
presented, and its relationship to the normal fields of horizontal and vertical motion is discussed. 
An example in which the field of motion deviated markedly from the normal is presented. 
The relatively large change in the motion had comparatively small influence on the tempera- 


ture structure. 


1. Introduction 


The circulation and structure of air over 
the subtropical Atlantic Ocean was presented 
many years ago by SVERDRUP (1917) and VON 
FICKER (1936). For the Pacific Ocean similar 
data was much later in becoming available. 

Beginning in the 1940’s a series of investiga- 
tions have been conducted at the University of 
California, Los Angeles, concerning the struc- 
ture and circulation of the air over the sub- 
tropical Pacific Ocean. Many of the results 
of these studies have not yet been published. 
I shall in this paper present the essentials of a 
group of them, the details of which will 
subsequently be published separately. I should 
like to acknowledge the contributions of several 
of my students and associates to the work, 
particularly Messrs. A. H. Thompson, Law- 


1 The research reported in this article was performed 
principally under Office of Naval Research Project NR 
082—065, Contract N6onr 275 (14). Reproduction in 
whole or in part is permitted for any purpose of the 
United States Government, provided the source is 
credited. 

This paper was presented at the Scandinavian-American 
Meteorological Meeting in Bergen, Norway, June 23, 
1958. 

2 U.C.L.A. Department of Meteorology, Contribution 
to Meteorology No. 47. 
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rence E. Eber, David S. Johnson, and C. W. 
Chien. Their names will appear as co-authors 
on the separate detailed reports. 


2. The inversion over the eastern North 
Pacific Ocean 


As in the case of the Atlantic Ocean, the 
temperature structure over the eastern sub- 
tropical portions of the Pacific Ocean is 
characterized by a marked inversion during 
the warm season. Figure 1 shows the fre- 
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Fig. 1. Frequency (in per cent) of soundings with no 
subtropical inversion during warm season (June 1—Sep- 
tember 30). 
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quency with which inversions were absent 
during the period June—September over the 
eastern North Pacific Ocean. In the shaded 
area every observation taken during this 
period showed a characteristic trade-wind 
inversion. The lower frequency of inversion 
off the coast of Lower California is associated 
with the occasional occurrence of tropical 
cyclones moving from the southeast, while the 
lower frequency in the north is associated with 
moving cyclones in the westerlies. 

Figure 2 shows the average height of the 
inversion base during summer. It slopes 
upward from about 400 meters along the 
California coast, rapidly at first, and then 
slowly to reach a height of more than 2,000 
meters over the Hawaiian Islands. Figure 3, 
the average summer cross section from San 
Francisco to Honolulu, gives some impression 
of the vertical structure through the inversion. 
Near the coast, where the inversion is lowest, 
the temperature rises rapidly as one goes 
through it, with a temperature increase of 
more than 6° C. Farther westward, where the 
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inversion is higher, the temperature increase 
through it is less, until Honolulu, where it 
amounts to about 2°C. Below the inversion 
the lapse rate is near the dry adiabatic, and 
above the inversion it is about normal. 
Needless to say, the inversion acts as an 
effective lid on the upward transport of water 
vapor from the ocean, so that the air below is 
quite moist, but the air above extremely dry. 
Near the coast, where the inversion is low, 
stratus clouds are prevalent below the inver- 
sion, while farther seaward the cloud layer 
becomes broken up into cumulus clouds, 
with some showers where the layer gets sufhi- 
ciently thick. In the Hawaiian Islands the 
showers are augmented by orographic effects. 


3. Relation of the inversion to the field of 
motion 


Von Ficker pointed out that the inversion 
over the Atlantic is due to the subsiding mo- 
tion of the air circulating around the sub- 
tropical high pressure areas. Figure 4 shows 
the normal sea level pressure over the eastern 


Fig. 2. Average height of subtropical inversion base 
during warm season (in hundreds of meters). 
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Fig. 3. Cross section showing 
average temperature in warm 
season, San Francisco to Honolulu. 
Subtropical inversion layer is 
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shown by stippled shading. 
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Bia. Ss. 
(continuous lines) and isotachs (dashed lines) for July. 


Normal resultant surface wind stream lines 


part of the North Pacific Ocean. The center 
of the anticyclone lies at about 38° N and 
150° W, with its axis oriented west-southwest 
to east-northeast, but with bulges extending 
northeast and southeast. One frequently sees 
discussions of the flow pattern over the surface 
of the ocean based upon deductions con- 
cerning the geostrophic winds or gradient 
winds corresponding to this pattern. However, 
as is seen in Figure 5, the winds deviate far 
from the isobars over this area. The normal 
resultant winds spiral outward from the 
anticyclonic center, with an asymptote of 
divergence extending southeastward parallel 
to the California coast. Together with the 
streamline divergence there is a general longi- 
tudinal divergence due to the increase of wind 
outward from the center of the anticyclone. 
The resulting divergence, in units of 107$ sec-1 
is shown in Figure 6. Note that while the 
divergence has a maximum along the Califor- 
nia coast it is positive over practically all of 
the eastern part of the North Pacific Ocean. 
At 700 mb (Figure 7) the normal position of 
the anticyclonic center is southwest of its 
surface position, and a trough is present off 
the coast of North America, so that the winds 
along the coast at this level have weak southerly 
components. At 500 mb the normal position of 
the high pressure center is displaced farther 
southward, to 25 degrees north, the trough is 
farther west (130° west) and the southerly 
winds along the coast are somewhat stronger. 
Resultant winds at upper levels over the 
Pacific Ocean are not available for the compu- 
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Fig. 6. Divergence of the normal resultant surface winds 
tor July Gn 10,8 sec): 
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Fig. 7. Normal height (solid lines in feet) and temperature 
(dashed lines, in °C) of 700 mb surface in July. 


tation of divergence and vertical motion, and 
so the attempt was made to estimate these 
quantities from the distribution of pressure 
and temperature, on the assumption that the 
mean state represents a stationary one. In this 
case, the tendency for temperature changes due 
to advection and radiation must be offset by 
the vertical motion. Since the flow pattern is 
not truly stationary the contribution to the 
mean temperature change due to fluctuations 
should properly be taken into account. How- 
ever, because the fluctuations in this region 
and season are always slow it seems reasonable 
to assume that their neglect will not affect the 
accuracy of the estimate. Figure 8 shows the 
temperature changes which would be produced 
at 700 mb due to advection of the normal 
isotherms by the gradient winds corresponding 
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Fig. 8. Mean advective (solid lines) and radiative (dashed 


to the normal contours, and an estimate of 
the temperature change which would be due 
to the average radiational loss of energy at this 
level. The latter estimate is based on computa- 
tions of the radiative cooling for six individual 
days during July 1949 (THompson and NEIBUR- 
GER, 1953). As a crude estimate it is assumed 
that the average of the six individual cases 
approximates the normal. 

The vertical velocity at 700 mb computed 
on the assumption that the temperature changes 
in Figure 8 are offset by adiabatic cooling due to 
vertical motion is shown by the dashed lines in 
Figure 9. It will be noted that sinking motion 


Fig. 9. Mean vertical velocity (dashed lines, in cm/sec) 
and divergence (solid lines, in 10~® sec~!) at 700 mb in 


July. 


lines) temperature changes (°C/24 hrs) at 700 mb in July. 


is prevalent except along the coast of the 
United States, with maximum values along 
the axis of the anticyclone and the asymptote 
of divergence in the sea level resultant winds. 
The values of the vertical velocity are small, 
but it must be remembered that the horizontal 
velocities are likewise quite small so that 
there is plenty of time for the air to sink 
during its movement around the high. On 
the assumption that the divergence varies 
linearly from sea level to 700 mb, the average 
divergence of the layer 1,000 mb to 700 mb 
as represented by the vertical velocity at 700 
mb and the sea level divergence were used to 
determine the divergence and vertical velocities 
at other levels. The solid lines in this figure show 
the divergence pattern at 700 mb computed 
on this basis. It will be noted that the diver- 
gence is positive at 700 mb over most of the 
region, but that relatively large values of con- 
vergence occur in the southerlies east of the 
trough. 

From the vertical velocities computed in 
this fashion for all levels it is possible to 
compute three-dimensional trajectories of the 
air leaving or reaching any particular location. 
Thus, in Figure 10 there are shown the trajec- 
tories reaching San Francisco and Los Angeles 
at 2,000 feet, traced backward to the 700 mb 
level, and trajectories leaving particular posi- 
tions to the north and east of the high center 
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Fig. 10. Three-dimensional trajectories of air parcels 
starting at 700 mb. (Numbers along trajectories, height in 
thousands of feet.) 


at 700 mb. The numbers beside the trajectories 
are the heights in thousands of feet. In the 
trajectories reaching San Francisco and Los 
Angeles, the air descends most rapidly in the 
vicinity of the coast, while in the cases of 
the trajectories starting northeast of the anti- 
cyclonic center at 700 mb, the most rapid 
descent occurs at the beginning of the trajec- 
tories. Since the vertical motion must be zero 
at the sca surface, it is natural that the sinking 
motion decreases as the air approaches the 
sea surface. 


It will be noted that the computations indi- 
cate air sinking through the inversion to the east 
and south of the anticyclone. In this region 
the heating of the air crossing from colder to 
warmer sea surface offsets the sinking motion 
so that the inversion rises westward from the 
coast all the way to Honolulu in spite of the 
divergence and sinking motion in this area. 
This phenomenon was pointed out by Ries 
and his associates (1951). 


4. Effects of deviations from the normal 


pressure field 


While the anticyclone is usually not far 
from its normal position and intensity, varia- 
tions do occur, and occasionally they are 
fairly large even in summer. A case of a wide 
deviation from the normal occurred in the 
first half of July, 1949. During this period the 
anticyclone was considerably more developed 
than normal at the beginning of the period, 
broke down into two weak centers at the 
middle, and reformed to approximate the nor- 
mal situation by the end of the period. It is 
interesting to inquire to what extent this wide 
fluctuation from the norm affected the struc- 
ture of the air masses and in particular the in- 
version. 

The surface situation near the beginning of 
the period is shown in Figure 11, in which 
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Fig. 11. Topography of 1,000 mb surface and relative topography, 1,000 mb—700 mb, 0300 GCT July 2, 1949. 
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Fig. 12. Topography of 1,000 
mb surface and relative topo- 
graphy, 1,000 mb—700 mb, 


0300 GCT July 6, 1949. 
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Fig. 13. Topography of 1,000 
mb surface and relative topo- 
graphy, 1,000 mb—700 mb, 


1000-700 mb thickness lines 
{in 100's of foot) 


0300 GCT JULY 14 1949 


0300 GCT July 14, 1949. Be = 5 


the pressure field is given by the topography 
of the 1,000 mb surface instead of the pressure 
at sea level, and the temperature field is in- 
dicated by the 1,000 to 700 mb thickness lines. 
Figure 12 shows the 1,000 mb distribution at 
the middle of the period, July 6, when the 
high was broken in two centers. During this 


period a series of weak low centers moved 
into the Gulf of Alaska, intensified somewhat, 
and then moved eastward with decreasing 
intensity. Figure 13 shows the situation after 
the anticyclone had resumed its normal shape. 
In Figure 14 the 700 mb contours at the 
beginning of the period are shown by the 
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Fig. 14. Topography and 
vertical velocities at 700 mb, 


0300 GCT July 2, 1949. 
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Fig. 15. Topography and verti- 
cal velocities at 700 mb, 0300 


GCT July 6, 1949. 


dashed lines. The vertical velocity, computed 
in the fashion discussed in the normal case but 
with the non-adiabatic cooling computed for 
the particular situation, is shown by the solid 
lines. It will be noted that descending motion 
was general to the cast and south of the 
anticyclonic center, but a strong center of 
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ascending motion was present to the north, 
in the region where the trough developed. 
Figure 15 shows the 700 mb contours and 
vertical velocities for July 6. At this time 
descending motion was very slight, although 
still widespread. The 700 mb contours and 
vertical velocity on July 14 are shown in 
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Vertical velocity ot 700 mb 
(in 100's of feet per doy) 


700 mb contours (in 10's of feet) ———— 
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Fig. 16. Topography and 


vertica velocities at 700 mb 


Figure 16. While the pressure system had 
become nearly normal, the vertical velocity 
still had not resumed its normal intensity or 
extent. 

As illustrations of the effect of this splitting 
of the anticyclone on the trajectories and the 
air mass structure, trajectories for the air 
reaching various levels at the weather ship at 
30° N and 140° W on July 6 and July 12 will 
be shown. On July 6 (Figure 17) the air 
reaching the various levels above the ship 
followed more or less normal trajectories. 
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Fig. 17. Three dimensional trajectories of air reaching 

various pressures over weather ship at 30° N, 140° W 

at 0300 GCT July 6, 1949. Numbers in position circles 

show dates (0300 GCT). The air at 950 mb was assumed 
to move isobarically. 


0300 GCT July 14, 1949. 
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Fig. 18. Synthetic soundings along trajectory of parcel 
reaching weather ship at 30° N, 140° W, at 700 mb, 0300 
GCT July 6, 1949. Soundings are plotted on “Skew-T-log 
p’ diagrams; segments of isotherms are shown sloping 
upward to right, labelled in °C; dry adiabatic process 
lines would slope upward to left at 45° from isobars. 


There had not been time for the splitting of 
the high to have much influence on them. For 
the portions of the trajectories moving from 
the south there was ascending motion, and 
for the portions moving from the north the air 
descended fairly rapidly. While the trajectories 
were not idee at all levels, they were 
sufficiently close together so that one can 
think of an air column moving with an “aver- 
age” of these trajectories. Figure 18 shows 
soundings estimated for the various positions 
of the parcel reaching the ship at the 700 mb 
surface. During the period when the air column 


Tellus XII (1960), 1 
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Fig. 19. Three-dimensional 
trajectories of air reaching 
weather ship at 30° N, 140° 
W at various pressures, 0300 


ee” 


GCT July 12, 1940. 


was moving northward, the inversion rose and 
became somewhat less intense: during the 
period of descent the inversion descended and 
became more intense. In the lower layers the 
air was characterized by some additional in- 
versions during the northward movement, but 
these were eliminated by heating as the air 
moved southward again across sea surface 
isotherms towards higher temperatures. The 
trajectories reaching the ship at the various 
levels on the 12th, on the other hand, were 
greatly influenced by the weakening and 
splitting of the anticyclone. In Figure 19 it will 
be noted that the trajectories were much less 
regular, and in fact executed loops as they 
proceeded toward the ship. In the trajectory 
reaching the ship at 700 mb, for instance, 
there was little change in height until the 
air came fairly close to the position of the 
ship (July s) and after that the air descended 
fairly rapidly. The trajectory reaching the 
ship at 850 mb likewise was characterized by 
ascent during the first part, followed by 
fairly rapid descent from the sth to the 7th 
and continued descent from then on. 

With such irregular trajectories of the air 
at various heights one cannot consider air 
columns moving essentially as units, but instead 
must regard a vertical column at any instant 
as made up of air which has come from various 
directions at various levels. Nevertheless it is 
interesting to examine the synthetic soundings 
along the trajectory reaching the ship at 700 
Tellus XII (1960), 1 
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Fig. 20. Synthetic soundings along trajectory of parcel 
reaching weather ship at 30° N, 140° W, at 700 mb, 0300 
GCT July 12, 1949. See legend of Fig. 18 for explanation. 


mb on July 12. It will be noted in Figure 20 
that the behavior of the inversion was much 
the same as the vertical motion at 700 mb, and 
the characteristics were not much different 
than those represented by the trajectory 
ending on July 6, in spite of the greatly different 
trajectory. In spite of the wide differences in 
the trajectories, the final soundings on July 6 
and July 12 are remarkably close to being 
the same. 
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Dynamical Prediction of the Arctic Circulation 


By MARIANO A. ESTOQUE!, Geophysics Research Directorate Air Force 
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(Manuscript received June 9, 1959) 


Abstract 


The results of a series of experimental forecasts of the 500 and 1,000 mb flow patterns over 
the Arctic during January 1956 are discussed. The forecasts were made by integrating graphically 
the equations of a simple baroclinic mode. A summary of the performance of the model and an 
analysis of the errors are presented; some characteristics of the Arctic circulation are deduced 
from these error patterns. In general, the results suggest that the model is capable of producing 


useful forecasts over the Arctic. 


1. Introduction 


In a previous article (ESTOQUE, 1957) the 
writer presented a graphically integrable baro- 
clinic model. The results of 24-hour 500 and 
1,000 mb forecasts showed encouraging results 
over the eastern part of the United States and 
Canada. Nevertheless, certain systematic errors 
were apparent, one example of which was a 
tendency to overpredict anticyclogenesis be- 
hind a cyclone. This report presents the result 
of an application of the model to the specific 
problem of the arctic circulation. 

Dynamical forecasts obtained by either 
numerical or graphical integration techniques 
still appear to be inferior, on the average, to 
those made by ordinary subjective methods. 
Further experimental forecasts are, therefore, 
desirable so that the nature of the errors 
may be determined, and approximate correc- 


1 The research was done through support and sponsor- 
ship by the Geophysical Research Directorate, Air 
Force Cambridge Research Center under Contract No. 
AF 19 (604)—1141 while the author was affiliated with 
McGill University. 
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tive measures introduced. Moreover, if one 
examines these errors in relation to the assump- 
tions made in deriving the model, one can 
deduce some characteristics of the actual at- 
mosphere. These two interesting topics will 
be considered in the light of the results of 
this series of forecasts for the arctic atmosphere; 
in addition, the overall performance of the 
method will be discussed. 


2. The experiment 


A detailed discussion of the model was 
presented in the article mentioned in the 
preceding section. The principal assumptions 
used in deriving the prediction equations are: 
(a) the flow is adiabatic and frictionless; 

(b) the geostrophic wind may be used for 
evaluating vorticity and horizontal advec- 
tion of vorticity and temperature; 

(c) the vertical advection of vorticity and the 
tilting of vortex filaments are negligible; 

(d) the vertical velocity profile is sinusoidal, 
with a numerical maximum at soo mb 
and a zero value at 1,000 mb; 
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Fig. 1. Average 500 mb contours (solid lines) and root mean square of the 24-hour 
height changes (dashed lines) for January 1956. Contour heights are in hundreds 
of feet; height changes are in tens of feet per day. 


(e) the absolute vorticity and static stability are 
constant whenever they appear undifferen- 
tiated. 

The charts used in the experiment were 
obtained from routine analyses by the Cana- 
dian Meteorological Office at Edmonton, 
which prepares soo mb and sea-level pressure 
charts on a polar stereographic projection. 
Daily 24-hour forecasts were made, using as 
initial data the 0300 G.M.T. soo mb maps and 
1,000 mb maps which were constructed by 
relabeling the 0030 G.M.T. sea-level pressure 
maps (using a conversion factor of 4 mb =100 
ft). The 500 and the 1,000 mb maps were, there- 
fore, not strictly simultaneous; but, in general, 
this deficiency is not a major source of error. It 
must be mentioned that the synoptic analyses 
were handicapped by the usual paucity of 
observations. The results obtained here reflect 
only what is obtainable under the present 
network of stations. Since the performance of 


any method is intimately related to the synoptic 
situations which prevail over the forecast 
area, this item is discussed in the remainder of 
this section. 

The area under consideration roughly covers 
the whole region north of 55° N, and the period 
includes the whole month of January 1956. 

The average circulation at soo and 1,000 
mb is shown in Figs. 1 and 2. It may be seen 
that the sea-level circulation for January 1956 is 
rather abnormal. The normal circulation for 
this period of the year is usually characterized 
by a low pressure center between the southern 
tip of Greenland and Iceland. In this particular 
year, however, the corresponding low pressure 
center is displaced far to the east near the 
Norwegian coast, implying an eastward shift 
in cyclonic activity. 

The first few days of January were charac- 
terized by strong cyclonic developments near 
the southern tip of Greenland, with cyclones 
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Fig. 2. Average 1,000 mb contours (solid lines) and root mean square of the 24-hour 
height changes (dashed lines) for January 1956. Contour heights are in hundreds of 
feet; height changes are in tens of feet per day. 


following tracks from Iceland to Spitzbergen. 
This regime was gradually followed by a build- 
up of high pressure area over Greenland and a 
shift of the cyclogenetic area farther to the 
southeast, with cyclones intensifying and stag- 
nating over the British Isles. The storm tracks 
moved correspondingly southward, so that 
cyclones generally followed a course through 
Great Britain, Sweden and Northern Russia. 
This situation, which brought in cyclonic 
circulation throughout Northern Europe, 
persisted until the last days of the month, 
after which an extensive anticyclone developed 
over Finland. This was accompanied by a shift 
in the cyclogenetic area back to the Greenland- 
Iceland region. 

The Siberian anticyclone was well devel- 
oped during the first week. However, it 
gradually weakened and then moved south- 
westward and Northeastern Siberia came under 
the influence of cyclonic circulation which 
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prevailed during the second week. During the 
succeeding week the high pressure area shifted 
eastward as intense cyclones moved from 
Scandinavia to Northern Russia. The cyclone 
tracks subsequently extended farther to the 
east across Northern Siberia. This situation led 
to a split in the anticyclonic center, with one 
of the two centers located north of Siberia. 

In the vicinity of the North Pole, major 
cyclones were observed on January and, ısth 
and 31st. A high pressure area was centered 
over the Pole near the end of the second week. 

The circulation over North America was 
characterized by strong and quasi-stationary 
cyclones over the Gulf of Alaska and well- 
developed anticyclones over Canada and 
Alaska throughout most of the period. Occa- 
sionally this high-pressure cell became split as 
Alberta lows moved across Canada and 
weakened while cyclones moved eastward 
over the Beaufort Sea. 
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Table 1. Results of 1000 and 500 mb forecasts. Correlation (in percent) between initial and verifica- 

tion height, r(IV); between forecast and verification height, r(FV); between forecast and verifica- 

tion height change, r(/). Root mean square of observed height change, RMS 4; root mean square 
error, RMSE: units in feet. 


RE eee eee eee ee a 


I 000 mb 500 mb 
a (iv) | rev) | r(4) | RMSA | RMSE | r(Iv) | (FV) | r(4) [ras RMSE 
pe) eee 2 a PA CR SN | Oe ee eee eee 
2 86 86 53 224 226 74 79 ~ 52 426 350 
3 81 84 60 252 236 87 93 70 308 228 
4 80 79 39 264 314 84 87 44 370 343 
5 84 70 49 241 353 88 90 59 333 318 
6 70 67 51 302 331 85 89 64 384 310 
7 67 75 66 289 269 74 83 63 438 344 
8 73 79 67 270 256 82 93 61 331 288 
9 60 62 45 333 361 83 87 52 418 360 
10 66 54 40 276 348 82 89 33 261 279 
IT 87 79 54 169 240 93 93 21 225 231 
12 86 Woh 44 186 268 88 QI 51 251 231 
13 74 76 55 220 228 87 90 50 285 258 
14 59 aps 56 267 242 83 OI 72 323 231 
15 88 74 28 177 239 93 93 61 211 217 
16 84 74 37 206 260 87 88 43 300 294 
17 83 71 21 208 307 74 74 26 371 391 
18 87 79 02 215 352 89 87 34 237 255 
19 94 83 34 179 282 81 80 54 274 242 
20 94 87 15 168 262 82 80 40 263 265 
21 OI 83 57 181 242 88 92 66 228 183 
22 90 84 GI 182 289 89 92 64 214 190 
23 OI 87 62 27T 222 90 91 53 210 200 
24 87 84 56 193 216 90 92 55 219 200 
25 63 78 63 258 255 76 86 66 317 242 
26 71 76 59 221 215 82 90 67 283 215 
277 72 72 44 209 246 90 89 49 240 237 
28 66 75 55 255 261 89 90 41 313 293 
29 80 79 52 262 297 89 86 25 366 373 
30 74 71 39 272 325 84 85 45 338 323 
31 73 79 54. | -262 257 7p. 80 87 40 309 290 
Mean | 79 | 76 | 47 | 230 273 | 85 | 88 | 2 | 301 | 272 
3. Results of verification For verification purposes, the following 


There seems to be no satisfactory objective quantities have been computed: 
measure for specifying the practical usefulness (a) Linear space correlations between predicted 


of forecasts. The customary evaluation in- and observed heights as well as height 

volves the use of linear correlation coefficients changes and the root mean square errors for 

between predicted and observed heights or every individual forecast chart. 

height changes supplemented by the root (b) Time correlations and errors at grid points 

mean square errors. Although such measures during the entire period. 

are useful, there is no substitute for visual (c) Corresponding correlations between initial 

inspection in evaluating the significant synoptic and verification heights and height changes 

features of the forecasts, such as the occurrence and the root mean square observed height 

of cyclonic or anticyclonic developments and changes. The latter is a measure the inten- 

the displacement of motionsystems. Frequent- sity of the synoptic activity. 

ly, a forecast which appears, from the low The results are presented in Table I. It is 

la rare 2 a, worth- ee that it is not possible to compare 
‘ 4 ese with conventional forecasts based on the 
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Fig. 3. Geographical distribution of correlation coefficients between observed and 
predicted heights (solid lines) and height changes (dashed lines) at 500 mb. 


same initial data. For comparative purposes, 
the evaluations of forecasts using the same 
method, but for different situations, are shown 
in Table 2. These forecasts, which have been 
discussed by PETTERSSEN (1957), were made 
over the United States-Canadian Region. 
The verification scores in Table I represent 
the performance for each individual forecast 
map over the entire area. As it is often the 


case, the forecast is actually excellent in some 
places but very poor over more or less fixed 
regions, giving an overall mediocre correlation 
for the verification. This is particularly true 
for the 1,000 mb forecasts, where the errors 
are at times excessively large over mountains 
and warm oceans. In comparing the results 
over the Arctic with those over United States- 
Canadian region, one must bear in mind that 


Table 2. Comparison of prognosis. M is percentage frequency of cases for which RMSE < RMSA, 
N is percentago for r(FV) > r(IV) 


Period Area 

a: I 000 mb 

January 1956 Arctic 76 
January 1953 U.S.—Canada 32 
Jan. ır —Feb.21,1956 | U.S.— Canada 71 
b: 500 mb 

January 1956 Arctic 8 
January 1953 U.S.—Canada 7 
Jan. ır —Feb.21,1956 | U.S.— Canada 9 


r(FV) 


Tellus XII (1960), 1 


r(IV)| RMS | RMSE | M | N r(A) 
79 230 18 23 2 47 
2 242 21 87 88 63 
71 78 2 47 43 52 
85 301 272 79 Ns) 52 
53 310 239 88 87 65 
94 230 200 83 80 59 
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Fig. 4. Geographical distribution of root mean square error of forecast soo mb 
heights (solid lines) in tens of feet and the average soo mb contours (dashed lines). 
The soo mb contour interval is 200 feet. 


the forecasts are highly sensitive to the regions 
over which they are made, as well as to the 
circulation types which prevail over the ees 
In general, high correlation between forecast 
and observed changes are associated with low 
persistence correlation, r(IV). It is believed 
that the comparatively lower scores over the 
Arctic are mainly due to the smaller density 
of observational stations. 

Examination of the geographical distribution 
of the time correlation coefficients and root 
mean square errors (Figs. 3—6) show the high 
variability of the accuracy with location. 
Thus, at 500 mb the best forecasts are obtained 
over Scandinavia. This is confirmed by the 
high correlations obtained by the University 
of Stockholm group. Two other favorable 
locations are over Northern Canada and south- 
east of Greenland. Over the Arctic Ocean the 
results are somewhat less satisfactory due to 
the sparsity of data on which the analyses are 
based. The correlation between height changes 


in this area are about the same as those obtained 
by the numerical integrations of the Joint 
Numerical Weather Prediction Unit (1957). 
Areas of large errors are located in the vicinity 
of the Gulf of Alaska and south of Greenland. 
These errors are associated with strong height 
gradients and large height changes which 
frequently occurred during the period. 

The geographical distribution of the correla- 
tion coefficients and errors at 1,000 mb (Figs. 
5 and 6) is generally similar to those at 500 
mb. It is interesting to note the area of high 
verification over Southeastern Greenland. A 
detailed examination of the individual maps 
revealed that only one major cyclogenesis 
occurred within this area during the period; 
the high verification was mainly associated 
with the motion of well-developed cyclones. 

Areas of large errors are also present at 500 
mb but are accentuated at 1,000 mb. The areas 
over the Gulf of Alaska and Western Canada 
are undoubtedly due to nonadiabatic and 
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Fig. 5. Geographical distri- 
bution of correlation coefli- 
cients between observed and 
predicted heights (solid lines) 
and height changes (dashed 
lines) at 1,000 mb. 


Fig. 6. Geographical distri- 
bution of root mean square 
error of forecast 1,000 mb 
heights (solid lines) in tens of 
feet and the average 1,000 
mb contours (dashed lines). 
The 1,000 mb contour inter- 
val is 100 feet. 
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Fig. 7. Geographical distribution of the s00 mb mean algebraic error (solid lines) 

in tens of feet and the average 500 mb contours (dashed lines). The 500 mb contour 

interval is 200 feet. Shaded areas indicate regions where predicted heights are 
too high. 


orographic effects, respecitively, while that 
south of Greenland is mostly due to the former. 
In addition, there is an area of poor verification 
over Western Siberia, in which the errors are 
systematic and associated with a tendency to 
overforecast the thickness. 


4. Algebraic mean error patterns 


A careful study of the systematic errors (ob- 
served minus forecast) is highly interesting 
because it reveals weaknesses in the model 
and suggests necessary modifications which 
may be made to improve the model. The 
fundamental equations which have been using 
in deriving the model are essentially the baro- 
tropic nondivergent vorticity equation applied 
at 500 mb and the thermodynamic energy 
equation for adiabatic motion. The former is 
used to predict the heights at soo mb, and the 
latter the mean temperature of the 1,000—500 


mb layer (or equivalently, its thickness). If 
the errors due to other sources are assumed to 
be random, the mean algebraic error field 
in the 500 mb heights represent the effect of 
vorticity sources or sinks, and, hence, the mean 
pattern of convergence and divergence at this 
level. Similarly, the corresponding thickness 
error patterns represent the distribution of 
external heat sources and sinks in the lower 
troposphere. 

The error field for the predicted heights at 
500 mb is shown in Fig. 7. Negative values 
indicate convergence (vorticity sources) while 
positive values represent divergence (vorticity 
sinks). It may be seen that the patterns are, 
to a certain extent, related to the mean flow 
such that positive values are located east of 
well-defined trough lines and negative values 
west. This implies a tendency to forecast the 
motion of the major waves too fast. On the 
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Fig. 8. Geographical distribution of thickness mean algebraic error in tens of feet 

(solid lines) and the average 1,000 mb contours (dashed lines). The 1,000 mb con- 

tour interval is 100 feet. Shaded areas indicate regions where the predicted thick- 
nesses are too low. 


basis of the vertical velocity profile adopted 
in the model, together with the normal vertical 
distribution of convergence and divergence 
in relation to trough lines, this error may be 
remedied by modifying the velocity profile 
so that the numerical maximum is located at 
a level lower than soo mb. 

The region characterized by negative values 
southeast and west of Greenland, north of 
Alaska, and Eastern Canada indicate places 
where troughs or cyclones intensified during 
the forecast period. The large area of positive 
values extending from Greenland to Scandina- 
via reflects the tendency for troughs and lows 
to weaken as they move northeastward after 
having intensified in the vicinity of Southern 
Greenland. 

There is evidence that errors due to the 
quasi-geostrophic approximation are often 
substantial in producing spurious anticyclones. 
Tellus XII (1960), 1 
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Nevertheless, there is still no basis for assuming 
that the net effect is so large as to invalidate the 
preceding inferences about the geographical 
distribution of vorticity sources and sinks. 
The mean error patterns in the thickness 
(Fig. 8) show some rather striking charac- 
teristics. In interpreting these patterns, one may 
assume that the nonadiabatic heating effect 
is the primary source of systematic error. There 
are, however, two other influences which 
may modify our conclusions. First, the use 
of the geostrophic wind instead of the actual 
wind for temperature advection will lead to 
overestimates of the thickness in regions of 
strong polar outbreaks. Second, the use of a 
standard static stability is also a disturbing in- 
fluence. Finally, the interpretations are only 
meaningful over fairly flat terrain. The error 
field, however, indicates that these complicating 
factors are not of major importance. Consider- 
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ing the positive areas, one can see large values 
over the North Atlantic Ocean which extend 
into the Norwegian and Barents Seas. In these 
regions there is apparently a net heating of 
the 1,000—500 mb layer during January 1956. 
It is interesting to note that the northern limit 
of this zone corresponds approximately to the 
southern limit of the North Polar ice cap. 
It is highly suggestive of the heating of rela- 
tively cold air flowing over a warm ocean 
surface. Over the ice pack this effect is, of course, 
not indicated. The same phenomenonoccurred 
over the Gulf of Alaska where the flow was 
predominantly southward during the period. 
On the other hand, over the North Pacific 
Ocean and the Bering Sea, the air generally 
had a northward trajectory during the period. 
Hence the effect is comparatively slight. The 
sensitivity of the mean thickness error as an 
indicator of nonadiabatic warming is suggested 
by the area of small positive values over 
Hudson Bay which becomes frozen in mid- 
winter. The studies of BURBIDGE (1951) indi- 
cate that slight warming of the air over Hudson 
Bay may occur in January, after which the 
Bay becomes covered by snow-covered pack- 
ice. 

The continents and the Arctic Ocean are 
zones where the thickness is overpredicted 
on the average; this implies nonadiabatic 
cooling, presumably by radiation. Near the 
southern limit of the ice cap and the continental 
coasts bordering unfrozen seas, the onshore 
and relatively warmer air is also cooled by 
the cold ice surface. As stated earlier, the use 
of geostrophic temperature advection may 
also introduce the same effect over the conti- 
nents where the anticyclonic flow is dominant. 
It is, therefore, possible that the inferred 
amount of nonadiabatic cooling is somewhat 
overestimated. Nevertheless, the rates of radia- 
tional cooling implied by the error values are 
of the right order of magnitude (100 ft is 
approximately equal to about 1.5° C per day). 
These results show that considerable improve- 
ment in the forecasts can be made by incor- 
porating nonadiabatic effects. 

The difficulties introduced by orographic 
influences are of minor importance over the 
Arctic. Except in Greenland and over the 
Alaska-Northwestern Canada region, there are 
no other major mountain barriers. Even over 
these two regions, the soo mb errors are, on 


~ 


the average, unimportant. As for the thickness 
field, the orographic errors have a marked 
tendency to overforecast the values over 
Western Canada and Alaska. The effect over 
Greenland is more difficult to interpret because 
the flow patterns were more variable during 


this period. 


5. The forecast for January II—I2, 0030 
G.M.T. 


The ultimate usefulness of a forecast can be 
assessed best by comparing the significant 
features of the predicted and the observed 
flow patterns. In order to illustrate typical 
errors and to give an idea of the meaning of 
correlation coefficients, the forecast for January 
11—12 is discussed in detail. The initial forecast 
and verification charts are shown in Figs. 
Dern 

The significant features of the forecast are 
as follows: 


(a) The deep low over the British Isles is 
predicted to move very slightly eastward with 
some tendency to fill up. In response to the 
intense low level cold temperature advection 
south of Greenland and the predicted eastward 
movement of the soo mb ridge over the 
Labrador coast, a rapid 1,000 mb height in- 
crease is forecast over a wide area centered 
south of Greenland. The resulting forecast 
map shows a high pressure center over the 
southern tip of Greenland. The forecast con- 
cerning the Great Britain low verified rather 
well, although the filling was more than antici- 
pated. The predicted high pressure center over 
Southern Greenland failed to materialize, 
the 1,000 mb height changes having been over- 
predicted by as much as 600 ft in certain 
places. About 70 % of this error resulted from 
an underforecast of the thickness while the 
remainder, to an overforecast of the height at 
soo mb. This excessive building up of an 
anticyclone is a systematic error which is usually 
observed wherever southward flowing and 
relatively cold air streams over a warm ocean 
surface and is heated from below. 


(b) The incipient low pressure center over 
Hudson Bay is predicted to intensify and 
move to the southern part of Baffın Island. This 
is successfully verified at 1,000 mb. It must be 
mentioned, however, that the corresponding 
heights at soo mb were underpredicted. This 
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Fig. 9. Initial 1,000 (solid lines) and soo (dashed lines) mb charts for Jan. 11, 
1956. Contour interval is 200 feet. 


Fig. 10. Predicted 1,000 (solid lines) and soo (dashed lines) mb charts for Jan. 12, 
1956. Contour interval is 200 feet. 
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Fig. 11. Verification 1,000 (solid lines) and soo (dashed lines) mb charts for Jan. 12, 
1956. Contour interval is 200 feet. 


has been compensated for by an overforecast 
in the 1,000—500 mb thickness changes to 
produce a successful 1,000 mb prediction. The 
overprediction of thickness changes in connec- 
tion with 1,000 mb cyclogenesis is inherent 
in the graphical method and conveniently com- 
pensates for the inability of the model to 
predict cyclonic developments at 500 mb. 


(c) The 1,000 mb heights are forecast to fall 
over the Canadian Rockies and the cyclone 
over the Gulf of Alaska will move eastward 
to the British Columbia coast. This will be 
accompanied by a rapid anticyclogenesis to 
the west-northwest. These forecasts turned out 
to be very unsatisfactory. The proximity of 
the boundary may have been a source of 
error. Nevertheless, the errors in this case are 
highly typical of all dynamical models. The pre- 
dicted falls over the mountains failed to mate- 
rialize. The error is essentially orographic in 
nature; the common tendency is to move 
cyclones eastward over the mountains without 
change in intensity. The spurious anticyclo- 
genesis to the west is again the combined 
effect of nonadiabatic warming in the lower 


troposphere and an overforecast of the soo mb 


heights. 


(d) The low pressure center east of Kam- 
chatka Peninsula is forecast to move directly 
northward over a distance of about 10 degrees 
of latitude and intensify. The predicted move- 
ment and intensification were somewhat 
more than observed. 


(e) The two-centered low pressure system 
over the Arctic Basin north of Siberia is 
forecast to consolidate into an elongated low 
pressure area and move towards the North 
Pole. The low did not intensify as expected 
and the errors in the gradient were very large. 
Looking back at the initial map, it may be 
seen that the forecast of strong gradients is 
due to the initially strong warm advection 
northeast of the low centers. Nonadiabatic 
cooling over the region of warm advection, 
if incorporated in the method, will result in a 
more realistic 1,000 mb forecast. But the 
implied rates of cooling appear to be too 
high. It is not at all clear what the nature of 
the error is, but a reanalysis of the initial charts 
may produce an improvement. 
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6. Concluding comments 


The results of this study indicate that the 
dynamical forecasting problems over the 
Arctic are not very different from those en- 
countered over middle latitudes. The atmos- 
phere over the Arctic appears to be more 
amenable to dynamical prediction methods 
because there are fewer complicating factors. 
Orographic influence is absent over most of 
the region. The nonadiabatic effect is relatively 
uniform, except in the outskirts, so that it is 
more easily corrected. The prospects for 
obtaining accurate forecasts are, therefore, 


very bright. The chief deterrent to the routine 
use of dynamical prediction methods at present 
is the paucity of observations. The less accurate 
forecasts which are now obtainable should 
improve immensely as soon as an adequate 
network of stations is established. 
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Abstract 


Differential equations, boundary, and discontinuity conditions are obtained which relate 
the internal tide to the surface tide in a two-layer system. Solutions of these equations give 
internal tides which may be large compared to the surface tide. In the coastal region these 
internal tides are standing waves and further offshore they attain the characteristics of pro- 


gressive waves traveling seaward. 


Introduction 


Although internal waves of tidal period have 
been observed in various regions of the oceans, 
their distribution and manner of generation 
have remained largely unknown. No suitable 
theory has been developed as a guide to an 
adequate observational program or with which 
the results of such a program can be compared. 
Such a theory should eventually permit predic- 
tion of the range and phase of the internal tide 
from a knowledge of the important oceano- 
graphic variables. 

Recently, Davis and PATTERSON (1956) have 
summarized our knowledge on the creation 
and propagation of internal waves. In the 
majority of cases where current measurements 
were obtained simultaneously with observa- 
tions of the vertical displacements, the inter- 
nal tides were progressive waves, although in 
certain instances they had the nature of 
standing waves. Present evidence, as suggested 
by Rupnick and COCHRANE (1951), RATTRAY 
(1954, 1957 a), and Rem (1956), points to 
coastal generation of the internal tides. How- 
ever, although PROUDMAN (1953) has shown 
under similar conditions that an ordinary tide 


wave, on passing over a high submarine 
barrier will give rise to an internal wave the 
actual mechanism of coastal generation has not 
yet been demonstrated. 

In order to explain the observed internal 
tides, it is proposed here to investigate how 
they might possibly be generated in coastal 
regions and to determine the characteristics 
of the resulting waves. 


Nature of internal tides generated in 
coastal regions 


The generation of internal tides in coastal 
regions depends on a coupling between the 
surface tide and the internal tide, due pri- 
marily to marked variations in depth but also 
influenced by the local distribution of oceano- 
graphic properties. Although the variations 
of range and time of tide along the coast have 
been shown to have an important influence on 
the longshore component of the tidal current 
(RATTRAY, 1957 b), the wave length of the 
internal tide is sufficiently short compared to 
that of the surface tide for these variations in 


* Contribution No. 232 of the Depart nent of Oceanography, University of Washington. 
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most cases to have only a small effect on the 
internal tide. Therefore, where the depth 
contours are reasonably parallel to the coastline, 
the crests of the internal waves will also be 
approximately parallel to the coastline. 

In the coastal region, these internal tides will 
behave as a standing wave because of the proxim- 
ity of the coast, but further offshore their 
nature will change to that of a progressive 
wave traveling seaward. In traveling offshore 
these progressive waves will lose their energy 
from friction and finally will become undetect- 
able. While their rate of dissipation will 
depend on the particular oceanographic condi- 
tions (RATTRAY, 1954, 1957 a), the waves in 
most cases will be found to retain an appreciable 
amplitude for considerable distances from their 
source, but will be damped out before they 
impinge on another coastline. Thus, energy 
is continually removed from the coastal re- 
gion by the progressive internal waves and, 
for steady state conditions, this energy must 
be supplied at the same rate by the coupling 
between the internal and surface tides. Con- 
siderations of resonance, then, are not appli- 
cable to this problem. For maximum internal 
tides in the ocean, maximum energy must be 
supplied to the internal motion by the surface 
tides. 

The amplitude of the resulting internal tide 
will depend on the actual coupling mecha- 
nism between the two tides and on the ampli- 
tude of the surface tide. If the coupling remains 
constant, the amplitude of the internal tide 
in any region will be proportional to the 
amplitude of the surface tide along the 
adjacent coastline. However, the coupling can 
also change with a change in oceanographic 
conditions in the region. In order to deter- 
mine this coupling it is necessary to know the 
oceanographic conditions in the coastal and 
offshore regions. 

The general nature of internal tides here 
outlined explains many of their observed 
features. However, the question still remains 
whether a coupling mechanism can be shown 
which will yield internal waves of the observed 
magnitudes. This problem will now be in- 
vestigated. 


Derivation of the wave equation 


Consideration will be restricted to a two- 
layer system in which properties have no 
Tellus XII (1960), 1 


variation in a direction parallel to the coastline 
and in which the difference in density between 
the two layers is very small compared to the 


density of the water in either layer, i.e. Ae I. 


The effects of friction and vertical acceleration 
will be assumed to be negligible. Then the 
equations of motion for the upper layer are: 

Er 2w = -g x? 1) 


rai 2@W =0, (2) 


and the lower layer are: 


PAST VAD\ PE he 98° 
D 64} (3 3 Oy 2x8 (3) 


D 20H" =o. (4) 


The equation of continuity is 


Mi TO AT LE 
ul u (5) 


for the upper layer, and 


d vn An 
AUDE 


for the lower layer. 

Here a primed quantity refers to the upper 
layer and a double-primed quantity to the 
lower layer where u and v are the horizontal 
components of velocity; w is the vertical 
component of the earth’s angular velocity of 
rotation; g is the acceleration due to gravity; 


ac” 
ds (6) 


Ao. , A ces 
“@ is the relative density difference between 


the two layers; ¢ is the elevation of the upper 
surface of a layer; and h is the layer depth. 

With the time factor taken as ei, where 
o=2n/period, the equations become, after 
eliminating v’ and v’’: 
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Ag de" 
ar dx (8) 
CAS; ao tre 
Emile") 6) 
Eu) = - iol” (10) 


Elimination of &’’, u’ and u’’ results in a fourth 
order equation for ¢’, and setting h—h"+h"" it 
can be written: 


2\2 2 d d 
[o(x- 4) +02 (1-4) 5 (#5) 


dein Ap. ) a? ‚d ; 
Sage ler): =6 (£2) 


+ a 
This equation has four independent solutions, 
two which represent surface waves and two 
which represent internal waves. The respective 
amplitudes of these waves will depend on the 
boundary conditions. 


Boundary and discontinuity conditions 


At the coastline, the x-component of the 
total transport and the transport in each layer 
must vanish, that is 


hu= hus =o (12) 

At large distances from the coastline, where 
the density distribution and the total depth 
have become constant, the solution for the 
internal tide must be a progressive wave 
traveling seaward. 

At any discontinuity (actually a change over 
a distance short compared to the internal wave 
length) of the depths or density difference, 
the total transport, the transport in each layer, 
and the pressure must be continuous. These 
requirements may be written: 


ö (hu) = 0, (13) 
Ô (h'u') = Ô (h”u”) = 0, (14) 
öl=o, (x 5) 
6 (4p£”)= 0 (16) 


Fig. 1. Model used in Example 1. 


where 6 indicates the difference in the desig- 
nated quantity on the two sides of the discon- 
tinuity. 


Solution for the internal tide 


When the surface tide, the bathymetry, and 
the internal density distribution are known 
over the coastal area, the resulting internal 
tide is obtained by solving equation (11) subject 
to the above conditions. A solution is always 
possible when the density distribution can be 
adequately approximated by a two-layer 
system. For illustration, two simple examples 
of exact solutions are given here to demon- 
strate the general nature of these internal tides. 


Example 1. A model (Figure 1) is taken in 
which the continental shelf has a uniform 
depth, d, and a width, /, The ocean is given a 
depth, D, and the depth of the upper layer, h’, 
is taken to be a constant. Under these conditions 
the differential operator in equation (Ir) can 
be factored and the equation becomes: 


(u (, 9 /, AE) 
ÉTÉ a) (141-4 2): 
shh Ag de 

h odx] 


+ —— —_ 


h o dx? 


Wh" Ao d? 
oT aa ee re 


Now the solutions to these equations are: 


= 
Seth es 


C =C5+¢;, 


Ww =u, + ui 


Wr (18) 
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where for example £\ and &, respectively, re- 
present the contributions of the surface wave 
and internal wave to the surface elevation 
and where they satisfy the differential equa- 
tions: 


0? 
EBEN: 
Wh” Ao d? 
a ee: o (19) 
and 
of 403 /_ _ 4Wh" Ae 
[=( aces h? a 


Ss Ao d? 
+8 za lé=0 == (20) 


: A ; : 
Since —® <1 these equations can be approxi- 
mated by only retaining terms in the lowest 


power of 7: . Then 


 (o* — 40?) + ght |e =0 (21) 
gi h” Ap @ 


[Cot — gar) +P ti 


On (22) 
and solutions to equations (7), (8), (9), (10), 
(21), and (22) which satisfy boundary condi- 
tions of equations (12), (13), and (15) and are 
valid within a distance of the coast small 
compared to the wavelength of the surface 
Wave are: 


=>, a constant for any x small compared 
to wavelength of surface tide. (23) 


of (24) 


C= 7 for ol = | 


ip sion toGox 


H=Û = — d 


(25) 


MIT OS Tel 


RE 
G ae for x) (26) 
w= ue = — oo for x>1 (27) 


Tellus XII (1960), 1 


C/ =Acosk, x, for o<x<l 


(28) 
(d - Kur Asink, x,foro <x<l 
1 
(29) 
(30) 


oO 
— — Behe, for x>| 


ke 
(31) 


h'u; = 


Cj’ = Be-ikx, for x>1 


—(D-h') uj = hu; = 


where k?= Ae (32) 
vat 
(0? - 40°) 5 
h(D-h 
and kj ic ) (53) 
a 


In the case under consideration &<£, and 
the elevation of the free surface will be taken 


in 


to be that due to the surface tide. However on 


cannot be neglected. Where h’ > d the above 
results are modified by omitting equation (16) 
and substituting d for h’ and setting A=o in 
the final results. Finally, the solutions of 
equations (14) and (16) for the wave ampli- 
tudes are: 


(x + RP) 


D k2 
(cost k,l+2 B sin? k ) 


and 


Ka 
Gr k,l - Fink) (a 042) 
€ ; 


/ k2 
\/ (cos 1+ om ku) 


(3 5) 
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Fig. 2. (A—D): Ratio of internal to surface tidal amplitudes for some cases of Example 1. 
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where 
tan «= kl, (36) 
and 


tan B = A tan kyl. 
1 


(37) 
Figure 2 shows the ratio of internal tide 
amplitude to surface tide amplitude over a 
range of typical conditions. 

Several conclusions regarding the ampli- 
tudes of the internal tides are immediately 


evident; they are proportional to the amplitude 
of the surface tide, &; the depth of the surface 


layer, h'; and the factor which re- 


presents the effect of the change in the total 
depth. It is interesting to note that this result 
implies preferential generation of waves at 


the greater depths. Since values of h’ (5 _ 5) 


will range between zero and one, a typical 
value can be taken as one-half. The generation 
of internal tides, large in amplitude compared 
to the surface tide, will depend therefore on 
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the remaining factor being large compared 
to unity. This in turn requires k)l> 1 and 
then the approximate range of values of this 
factor in equation (34) will lie between kl 
and k,/ depending on the actual phase kıl. 
Thus, if large internal waves are to be gener- 
ated, the approximate ratio of standinginternal- 
wave amplitude to surface-tide amplitude lies 
in the range, 


which requires that the continental shelf have 
a width of at least several internal wave 
lengths. Broad continental shelves will have, 
therefore, a high probability for the generation 
of sizeable internal tides. As might be expected 
from simple considerations of energy, the 
generation of large internal tides is favored by a 
relatively small difference in density between 
the upper and lower layers. A particularly 
interesting result is that the “resonance” condi- 
tion o?~4w? (DEFANT, 1950; HAURWITZ, 
1950) is unfavorable for the generation of 
internal waves by this mechanism. 

Under the above conditions, the value for 
the amplitude of the seaward progressive waves 
is 


(39) 


The general statements above thus pertain 
also to the magnitude of these progressive 
waves. However, there is an additional factor, 
cos k,l, which will range from zero to one 
depending on the value of kl. It is possible, 
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Fig. 3. Model used in Example 2. 


then, to have large internal tides in the im- 
mediate coastal region and yet have no 
appreciable evidence of such motion in the 
leeper water. In no case will the progressive 
wave amplitude exceed that of the standing 
wave. Also under the conditions most suitable 
for the generation of large internal waves, k,/ 
can undergo sizeable fluctuations with small 
changes in water characteristics. On a statistical 
basis, the amplitudes of the progressive waves 
would be expected to be greater than one- 
half those of the standing waves for two- 
thirds of the observations. 


Example 2. A model (Figure 3) in which 
the depth of the shelf increases linearly with 
distance offshore is more realistic in many 
cases and can be obtained by setting 


ere 


ip? fon Gey = 


h=(h' +h”) (40) 


Then, in order that equation (11) may be 
solved in a simple fashion, the depth of the 
upper layer is taken to be 


joue for o<x<l. (41) 


This corresponds to a case where a longshore 
current exists in balance with this slope. 
Since it is normal to find longshore currents at 
coastal boundaries, this example is more 
realistic than the previous one. For x >|], 
the conditions are taken to be the same as 
for Example 1 and then equations (21) and 
(22) will apply to this region. For o<x<l, 
equation (11) will become 
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Again setting ¢’ =€;+C; and approximating by 


(42) 


neglecting higher powers of ee equation (42) 


is split into the two equations: 


(08 - 40%) + gd (Fz) G=0, (43) 


and 


; M\AD dl x, a. 1, 
| (o* — 40?) + ah: = 7) (Fe) JE =0. 
(44) 


The solutions of differential equations (7), 
(8), (9), (10), (21), (22), (43), and (44) subject 
to the boundary conditions of equations (12), 
(13), and (15) are: 


€;=Co, a constant for any x small compared 
to wavelength of surface tide (45) 


er By ae | (46) 

t=, = 2 for o<x<l (47) 
' bic! 

C= 5% for x>1 (48) 

wu. poe for x>1 (49) 

$ $ D > NZ 49 


ti A Jy (2kyl'x'h), for o<x</ 


(so) 
NER ’ ar I le 1 X 
hu; = - (d- hi) uf’ = Ah lchl Ich), 


ky 
(sz) 


for o<x<l 


(52) 
Be—ïkx, for x> 


(53) 


& = Be—ikx, for x>1 


[07 


-(D- hh) uf = hu; = a 


Again as in Example 1, ¢; has been neglected 
compared to &. Where h‚>d the above 
results are modified by omitting equation (16), 
and substituting d for hj, setting A=o in the 
final results. Application of equations (14) 
and (16) give solutions for the wave amplitudes, 
analogous to equations (34) and (35) which are 


ae / 1 + KP 
A= oh: an I 
( N, DE + EI LkN) 


(56) 


en), 
and 

k 
So ge {halo (oki) 2 EN) 
= Co € +) / ko 
\ [Jo(2ky!)]? + 2 LAURE 


ei (kav +) (57) 


where 


ke Jy (2kıl) 
kJo(2kl) 


Figure 4 shows the ratio of internal tide 
amplitude to surface tide amplitude over a 
range of typical conditions. The general 
remarks made for Example 1 also apply to 
this case. The only significant difference occurs 
in the standing wave, which here increases 
in amplitude and decreases in wave length 
towards the coast. For numerical illustration, 
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(58) 
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Ratio of internal to surface tidal amplitudes for some cases of Example 2. 
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consider the following conditions, typical 


of the Washington coast: 


hy = 100 m, 

d = 200 m, 

D = T,000 m, 

21: Ve 

Q 

l = 65 m, 
latitude = 47° N, 
period = 12 hrs, 


tidal range, 2¢9 = 2 m. 


Then the calculated range of the internal tide 
is 5.6 m in deep water and at the edge of the 
continental shelf. A small change in inshore 
conditions could increase this range to 7.8 m. 
According to the theory it would become 46 m 
at the coastline. Evidently the approximations 
here used are violated in the shallower water 
but there is no doubt that these large waves 
would have a profound effect on the oceano- 
graphic conditions in this region. 


Summary and conclusions 


Possible generation of appreciable internal 
tides by the surface tides has been shown in 
regions where the depth has marked variations 
with horizontal position. These internal tides 
behave like standing waves in the coastal 
region but further offshore they change to 
progressive waves traveling seaward. At any 
given location the amplitude and phase of 
the internal tide relative to that on the surface 
will depend on the particular depth and density 
distributions occurring in the generating region 
and in the area between it and the observing 
location. 


In order to be useful in predicting internal 
tides, the above theory for a two-layer system 
must be generalized to the case of a continuous 
density distribution. The general features de- 
monstrated above would still be valid but 
certainly the detailed motion could not be 
determined directly from these results. How- 
ever, the validity of the postulated mechanisms 
for the generation of the internal tide can be 
determined by suitable. current and hydro- 
graphic observations. This will require running 
a grid of stations situated over and just off 
the continental shelf to determine the mean 
density distribution in the area and then 
obtaining time studies at selected stations to 
determine the nature of the internal waves. 
These time studies should include measure- 
ment of the variations in the vertical distribu- 
tion of properties and the horizontal currents 
associated with these variations. Multiple ship- 
operations would seem preferable in order to 
compare the simultaneous oscillations at 
several locations. However, if the mean density 
distribution remains fixed over the time of 
the survey, one vessel should be able to obtain 
significant results. 

To the author’s knowledge, no observations 
to this date are sufficiently detailed to show 
more than a general agreement with the above 
theory. It is hoped that future measurements 
on internal tides will obtain all the required 
data to answer this question. 
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IV. The yearly circulation of sea salts 
between continents and the oceans 


1. Introduction 


The yearly global circulation of sea salts 
between continents and oceans can be esti- 
mated in several ways. One is by actually 
measuring the yearly amounts brought down 
on land by available techniques. It is clear from 
the preceding chapter that this is technically 
difficult. It is easy to collect precipitation and 
analyse it for various sea salt constituents but itis 
more difficult to estimate how much is brought 
down by ‘dry deposition”, i.e. by fallout 
and by gas absorption. It requires a good 
knowledge about the turbulent character of 
the air and the efficiency of the ground for 
impingement of particles. It also requires a 
knowledge about the properties of gaseous 
constituents in the ground. This can sometimes 
be anticipated, in other cases not. 

The advantage of this method if it could 
be applied properly is relatively low cost as 
only precipitation and air sampling near the 
ground are required and a network for such 
sampling station need not be dense. It could 
be built up on a synoptic scale and still provide 
information also on large-scale geographic 
variations. 

Another method, which at present is hardly 
feasible is to carry out regular vertical ‘‘sound- 
ings” of sea salt constituents on a synoptic 
network over continents. Together with 


1 Part I with abstract and table of contents published 
in Tellus 11: 4. 
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simultaneous wind data the transport of sea 
salts could be followed and, by applying the 
first principle, the amounts brought to the 
ground calculated, irrespective if they are 
brought down by precipitation or by dry 
deposition. This method has been applied on 
a hemispherical scale for water vapor and 
has given very interesting results (cf. STARR 
et al. 1957). 

There are at present no “sounding” devices 
of the types used in meteorology available 
for the study of sea salt constituents though 
they may be developed in future. If they are 
developed they will certainly be costly. 

The third method is indirect but will be 
treated at some length in the present chapter 
though available data are by no means com- 
plete. It is possible with present available geo- 
chemical information to work out a tentative 
balance in the sea salt circulation between 
oceans and continents though no geographical 
details can be revealed except in parts where 
the composition of river water has been ex- 
tensively studied. The result is a global balance 
and is certainly valuable as a foundation on 
which regional studies can be built. As will be 
shown later it can also furnish information 
on dry deposition, of great value for the applica- 
tion of the first method, when applied to 
regions where river water analyses have been 
done. 


2. Weathering and the composition of the oceans 


Not all salts found in river water are at- 
mospheric, derived from the sea. Chemical 
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weathering of rocks also provide river waters 
with sea salt constituent. Human beings active 
as they are also help in loading river waters 
with various salts that may be of oceanic 
origin. Mining of old sea salt deposits for 
various salts is done extensively as well as 
the more direct method whereby sea water 
is led into large basins and evaporated in 
order to produce salts that are distributed 
widely over the continents and finally, to a 
large degree, find the way to the sea in 
rivers. 

Another possible source for salts in river 
water are volcanic exhalations which have 
been investigated chemically on many occa- 
sions. 

Before starting the discussion on the quanti- 

tative aspects of various sources for salts in 
river water it should be pointed out that 
partly similar discussions and arguments are 
found in the geochemical literature. So has 
the rate of weathering been thoroughly treated 
by CLARKE (1924 p. 31—35, 151—155) GOLD- 
SCHMIDT (1954 p. 56—68), CONWAY (1924 a) 
and Rusey (1951) and is found in most text- 
books on geochemistry. The present treat- 
ment is therefore far from unique though it 
may differ in some respects from the earlier 
ones. 
a. Amount of weathering and volcanic production 
in the past. The constituents present in the sea 
may have been there when the sea was formed 
or may have been supplied entirely contin- 
uously by weathering and volcanic activity 
or may partly have been present when the 
sea was formed. The first possibility rules out 
weathering of igneous rocks as a contributor 
to the salt content of the sea as well as volcanic 
production of salt constituents. It is therefore 
not compatible with actual observations in 
nature and may be ruled out. The second 
possibility will obviously lead to maximum 
amount of weathering possible in the past 
as well as maximum amount of salts supplied 
by volcanic activities. From our point of view 
this gives the upper limit for the rate of weath- 
ering and volcanic production without dis- 
missing the third possibility. The second possi- 
bility will therefore be used as a hypothesis 
for deriving the maximum rate of weathering 
and volcanic production. 


One element in the oceans which is fairl 
abundant is sodium and as it is hardly likely 
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that is has been supplied by volcanic activity 
it must have come from the weathering of 
igneous rocks. The chemical composition of 
igneous rocks is reasonably well known. 
The arithmetic mean from 5,159 analyses (cf. 
CLARKE 1924 p. 29) is 2.83 per cent sodium. 
GOLDSCHMIDT (1954 p. 54—57) has discussed 
the representativeness and found that despite 
the fact that the procedure of averaging gave 
too much weight to rarer types of rocks 
other analyses confirmed their reliability as an 
average value. Sedimentary rocks which are 
formed in the sea from products of weathering 
are much lower in sodium, the shales being 
highest, near one per cent, while sandstones 
and especially carbonate rocks are much lower. 
GOLDSCHMIDT (l.c. p. 59) used a figure of one 
per cent for the sodium in sedimentary rocks. 
The difference is thus about 1.8 per cent 
which is to be found in the sea. There is 278 
ke x cm2 of sea water and the sodium 
content is 1.06 per cent, thus 2.94 kg x cms. 
Consequently ee 
igneous rocks have been weathered in the 
past, at most. 

This analysis can be refined to some extent. 
The sedimentary rocks have been classified 
by CLARKE (1924) into three main groups: 
shales, sandstones and limestones. Naturally 
shales comprise all fine-textured sediments 
which are poor in carbonates while sandstones 
comprise similar course-textured sediments. 
In limestones carbonates of calcium and mag- 
nesium are predominant. The composition of 
these three types of rocks as well as of igneous 
rocks as given by CLARKE are shown in table 
4.1 on a carbonate (ie. CO ) free basis and 
only of the elements of interest, sulfur, chloride, 
calcium, magnesium, sodium and potassium. 
Again applying the second hypothesis it is 
apparently possible to set up a system of equa- 
tions containing as the four unknowns the 
amounts of weathered igneous rocks, and 
formed shales, sandstones and limestones. The 
amounts of an element that has been supplied 
entirely from igneous rocks must be found in 
the sediments and the sea. These calculations 
may be done assuming the mass of sedimen- 
tary rocks formed to be the same as the mass 
of igneous weathered because the net loss is 
small, about 3 per cent (cf. GoLDSCHMIDT 
l.c. p. 59). Three different elements are needed. 
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TABLE 4.ı 
IT YO WE Ws EEE Te ur Be HE 0 Et a,  , 
Composition in per cent of ae 
- Abend To sedi- Present | Volcanic 
Element Glen Sand- Lime- N ments Diff. in the in the 
Igneous le stones | stones FR from sea | gx cm? sea sea 
rocks for CO corrected|corrected| _ x 221020052 gxcm2|gxcm-2 
| for CO, | for CO, [8 * Me : 2 : 
SOE Ae cares 0.05 .201 .03 2 76 261 —185 246 431 
(isn cafe ta 0.02? .022 .022 .022 ou 31 + 0 5,280 5,280 
(COG Ain ard PO à à 3.63 2.30 3.68 70.50 5,540 5,429 + 114 Haar == 
NEC ARE ALT 1.52 .75 10.98 3,220 = 1 354 ia 
Na SE See 2.85 1.00 .35 .09 4,350 1,410 + 2,940 | 2,940 — 
IR ce 2.60 2.79 TE .62 3,970 3,862 + 108 108 — 
Werecent COs an 
uncorrected 
GROEN a Oe 0.15 3.60 6.85 56.75 


1 Mean value suggested by GOLDSCHMIDT & STROCK (1941) from determinations of MINAMI (1941). CLARKE 
(1924) gives the figure 0.16 per cent. Minami (1941) also got 0.45 for a composite sample of Japanese shales. 
? From BEHNE (1953) cf. also KURODA & SANDEL (1953). 


It is, however, found that magnesium cannot 
be used as it gives anomalous results. The 
reason is probably a too low magnesium- 
figure for the shales. GorpscHMIDT (l.c. p. 58) 
shows in a table the composition of various 
“shales” and it is seen from his table that the 
Mg/Ca ratio can vary quite widely. The best 
way seems to be to use Ca, Na and K for 
the calculations. The amounts of the various 
rocks involved in past weathering then be- 
comes, all in kg x cm£. 


With CO, 
ee a included 
Igneous rocks weathered .. 152.5 152.5 
SHAIESAdeDOSIteUR EC. 120.2 133 
Sandstones deposited..... 27:9 23.5 
Limestones deposited..... 2 5.5 


As to the total amount of weathering this 
does not differ much from the previous 
estimate. The figures for the sedimentary 
rocks have, of course, only a tentative value 
but do not look unreasonable. As to the total 
amount of carbonates the table gives the CO, 
amount that must have originated in the 
atmosphere, as 9.5 kg x cm? which corre- 
sponds to 7.0 kg x cm? of CO. As the 
CO, radicle is bound to Mg and Ca one 
may use GOLDSCHMIDT’s estimate (l.c. p. 62) 
of the CaCO, :MgCO, ratio in carbonates 
in nature namely 6.3 to I. 

With this ratio one finds 13.3 kg CaCO, 
Tellus XII (1960), 1 
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and 2.1 kg MgCO, per cm2. In a somewhat 
different way GOLDSCHMIDT (l.c. p. 60) arrived 
at 12.6eand-2.0 kg x cmz? >of “these: two 
carbonates. The agreement is thus good. 

In order to get the magnesium to comply 
to the amounts in the general balance the 
concentration in shales has to be increased from 
1.52 per cent as in table 4.1 to 1.90 per cent 
in the CO,-free part of the shales. 

The calculations made so far may seem to 
be outside the scope of the present work. 
However, in order to get an idea about the 
present rate of weathering of sulfur from 
sedimentary rocks it is necessary to have some 
idea about the amounts of different rocks 
present, especially on the proportion of car- 
bonate to non-carbonate sedimentary rocks. 
This point will be discussed in some detail 
later. 

Table 4.1 also shows that Cl and S in nature 
cannot be accounted for by weathering. They 
must have been added to the sea in some 
suitable form presumably through the at- 
mosphere in volcanic exhalations unless they 
were present at some early stage which may 
be less probable. This was realized at an 
early stage by several geochemists. RUBEY 
(1951) who made similar computations in- 
troduced the term “excess volatiles” for the 
elements in nature which cannot be accounted 
for by weathering. Beside Cl and S also 
B, C, Br and I belong to this group as well 


as water. ; 
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3. Average rate of weathering of igneous rocks 
and volcanic production 


Table 4.1 enables us to compute both the 
maximum average rate of weathering from 
igneous rocks of the sea salt components Ca, 
Mg, Na and K as well as the maximum 
average rate of volcanic addition of Cl and S. 
As to weathering is has certainly been enhanced 
by two factors which probably have acted 
through about 10° years, namely oxygen and 
plants. Before that time the atmosphere may 
have lacked oxygen (cf. UREY 1952 p. 124) 
and one of the processes important in the 
weathering of igneous rocks, namely the oxida- 
tion of ferrous to ferric iron, must presumably 
have started rather late, around the time when 
assimilating plants occurred. The only weather- 
ing prior to this time must have been through 
hydrolysis. Further, the introduction of land 
plants must have enhanced weathering due to 
the strong dissolving action of organic matter 
produced by plants. So a maximum figure 
for the rate of weathering could be arrived 
at by using 10° years as the weathering period. 

As to volcanic production this may be taken 
to have lasted 3 x 10° years which, con- 
sidering other possibilities again will give a 
maximum average rate of production. 

Weathering products are removed by rivers 
only from land surfaces but part of the volcanic 
may go directly to the sea. Using the ratio 
1 : 2 for the area of continents to oceans, only 
a third of the total volcanic production can 
be expected to appear in river waters. 

We can now compute maximum amounts 
of Na, K, Ca, Mg, Cl and S due to weathering 
of igneous rocks and volcanic production, 
expected to be found in river waters. The 
amounts expressed in million tons x year-1 
are shown in table 4.2 using the data in table 
4.1. 

The rate of weathering in table 4.2 refers to 
igneous rocks but the contribution from sedi- 
mentary may also be important, especially 
with regard to sulfur. If possible we should 
like to know the present rate of weathering 
of all rocks. 

An attempt will be made in the following 
to compute this from river water run-off 
corrected for “cyclic” salts and from the 
composition of the rocks as listed in table 
AT. 
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TABLE 4.2 
Maximum average rate of weathering of igneous 
rocks 
Rate of| Rate of 
in Yemen. weather-| volcanic 
Element | igneous voa Akon Br 
nooks 2 ETES tons tons X 
8 X me VERT NEA 
S 76 431 0.39 0.7 
Cl 31 5,280 0.16 9.0 
Ca 5,540 28.3 
Mg 3,220 16.4 
Na 4,350 PP 
I 3,970 20.2 


4. Actual rate of weathering 


The present rate of weathering can only 
be inferred from river water analyses and 
rates of discharge of river water, correcting 
for “cyclic salts” of marine origin. It is clear 
from table 4.1 that the amounts of chloride 
found in river water only to a very small 
degree can come from weathering of rocks. 
If larger amounts are present they must have 
come from the oceans in some ways. Some 
may be derived from old marine sea salt 
deposits, others from active human collection 
of sea salts by evaporation. Thirdly they may 
have been carried into the continents through 
the atmosphere. With the chloride other ele- 
ments in the oceans are also deposited in con- 
tinents in these processes and one may expect 
that they are derived from the oceans either 
in the same proportions as they occur in the 
sea or in other proportions. The latter is 
especially true for sulfur which, apparently 
passes from the sea into the atmosphere in 
some other way. This will not concern us at 
the moment, however. 

CLARKE (l.c.) has presented available data on 
the composition of river waters from different 
parts of the world as well as the yearly dis- 
charge of dissolved inorganic substances in 
various parts of the world. The available river 
water analyses are quite large in number but 
unevenly distributed. Europe and the U.S. 
are by far best represented while large parts 
of Asia and Africa are hardly represented at 
all. Despite all these difficulties Clarke made 
an attempt to compute the total amount of 
discharge of dissolved inorganic solids for the 
whole continental area that is drained. He 


Tellus XII (1960), 1 


THES YEAR Y CIRECUUMATIONGOFrCHEORIDE AND SULFUR 67 


also worked out an average composition of 
river water. The average rate of discharge of 
inorganic solids in river water that he arrived 
at was 27 tons x km? x year. This figure 
is probably too high for several reasons. 
Firstly he took the chemical denudation in 
Canada to be the same as in the U.S. which 
is certainly an overestimate. Available data 
were quite high but were computed mainly 
from the yearly run-off and a few analyses at 
low water which no doubt will give too high 
figures. More recent figures for the chemical 
denudation in Finland published by Vmo 
(1953) give a yearlyr un-off dissolved inorgan- 
ic solids of around 10 tons x km”? (when 
recalculated into the same form as CLARKE 
did, i.e. with CO, included). Finland is situated 
in about the same latitude as large parts of 
Canada, hence a more moderate figure should 
be used. 

Also the run-off from Asia was certainly 
overestimated by Crarke. The whole vast 
northern Asia can be expected to have a 
denudation of equal magnitude to that of 
Finland and recent figure from Mandchuria 
published by Yamamoto (1952) give as the 
highest value 11 tons x km? x year! for one 
river while another, more southerly has only 
Gfrons ee km? x yearTl. 

Secondly, practically in all instance, the 
yearly denudation has been arrived at by 
computation from average composition of 
river water and from the yearly rate of 
discharge of water which will no doubt give 
too high figures. Some evidence can also be 
presented showing the likely overestimate. 
ERIKSSON (1925) discussed the quite detailed 
survey of river water analyses of Swedish 
rivers. In many of the rivers the rate of flow 
was recorded so he could compute the average 
rate of discharge of dissolved solids for the 
period covered by the sampling and add these 
to obtain the yearly discharge. Comparing 
these values with those obtained by using 
average concentration and yearly discharge of 
water, the first figure is mostly lower and the 
average for the whole material where com- 
parison can be made gives as a result that the 
latter methods give around 10 per cent too 
high values. Other investigations in Norway 
by BRAADLIE (1930) give differences amount- 
ing to as much as 35 per cent in one river and 
when averaged 13 per cent. 
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It is likely that the discharge of dissolved 
solids in river water are estimated too high 
probably between 10 and 20 per cent. 

However, no correction for this is planned 
presently but a new estimate of the world’s 
discharge of dissolved inorganic substance in 
river water will be attempted. The drained 
parts of the continents have been divided into 
nine regions with the following characteristics. 


1. U.S.A. 8 million km?. Rate of discharge 
of inorganic dissolved solids 30 tons x km? 
x year”! as suggested by CLARKE. Average 
composition as given by CLARKE (p. 119). 


2. Canada and Alaska. 11 million km?. 
Probable yearly discharge of inorganic dissolved 
matter the same as for wooded areas of Sweden 
and of Finland, i.e. 10 tons x km~?x year-1. 
Composition of water as the average of 
Yukon river and Nelson river (cf. CLARKE p. 
91 C in the table and p. 92 E in the table). 


3. South America. 17 million km?. Yearly 
rate of discharge of dissolved inorganic matter 
19 tons x km-?, and the same composition 
as CLARKE’S (p. 119). 


4. Africa. 24 million km?. Rate of discharge 
and composition same as CLARKE'S (p. 119 E), 
ke. 17 tons x kmr2 oe year» 


5. North Asia and Russia. 17 million km? 
and a rate of discharge of inorganic dissolved 
matter same as for Finland, i.e. 10 tons x 
km-?. Composition same as for Finnish rivers 
(VIRO 1953). 


6. China. 5 million km?. Has similar soils 
and climatic position as the Mississippi Valley. 
Rate of chemical denudation can be taken as 
30 tons x km”? and the composition the same 
as Mississippi (see CLARKE p. 80) at New 
Orleans. 


7. S. Asia 7 million km?. Rate of chemical 
denudation similar to that of S. America, say 
20 tons x km? x year-!. Composition same 
as for S. American rivers (see 3). 


8. Europe, 6 million km? (excluding Russia). 
Possibly 35 tons x km? as discharged in- 
organic dissolved solids. Composition same as 
given by CLARKE (p. 119 C). 


9. Australia. 5 million km? and 15 tons x 
km? x year-!. Composition same as S. 
America (see 3). 
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TABLE 4.3 


Composition of standard rivers to be used for computation of average composition 
and global run-off 


LT 8 EE "|" 


Weight- | Million 
I 2 3 4 5 6 7 ed tons X 
average | year? 
Mie ek ee | oe Ge ON este BL ee Eee 

CO; 33-9 30.4 32.7 32.9 35-5 40.3 24.7 33.1 605 
SO, 15.5 27.9 8.1 8.7 15.6 12.0 13.6 I2.0 219 
Gl 7.5 2.4 5.8 5.7 6.3 3.5 5.4 5.5 IOI 
Ca 19.6 20.2 19.0 LOST: 20.8 23. 11.5 19.I 349 
Mg 4-9 5.4 2.6 2.7 5.5 2.4 4.2 3-5 63 
Na 7-5 4-9 5.1 4.9 6.9 4-4 Fas 5-4 99 
K 1.8 1.0 1.9 ZA 1.6 2.8 4-4 223 41 
SiO, 8.7 7.4 19.0 18.0 Ee 8.8 25.4 15.2 277 
RAD 6 4 5.8 5.5 .6 2A 525 3.9 70 

its) WES ANS U.S.A. Standard 

2. Yukon & Sasketchawan Canada & Alaska Standard 

3. S. America, rivers S. America Standard 

4. Africa » Africa Standard 

5. Mississippi » China Standard 

6. Europe » Europe Standard 

7. Finland » N. Asia & Russia Standard 

R,O, = Sum of Fe,O, and ALO, 


The areas given refer to estimated periph- 
eral run-off areas and amounts to 100 million 
km? in total. This leaves about 60 million km? 
with no peripheral drainage being either basins 
or deserts. 

As to the composition of river waters it is 
seen that seven different types have been 
chosen as standards. These are shown in table 
4.3. From the area and rates of denudation 
given the total discharge of the different 
constituents has been computed and is also 
shown in the table. From this the average 
composition of river water is computed as a 
weighted average. In table 4.4 CLarkr’s weight- 
ed average for the whole world is also given 
together with the average computed here for 
comparison. It is seen that these averages do 
not differ too much. The greatest difference is 
in the SiO, which, no doubt influenced by the 
Finnish data, is greater in the new average than 
in CLARKE'S. 

The average discharge of dissolved inorganic 
matter becomes about 18 tons x km”? x 
year! and is 2/3 of Clarke’s estimate. 

With the data on the world run-off of 
dissolved solids we may proceed to estimate 
the part of the dissolved solids which Conway 
(1942a) named “cyclic salts”. These are the 
constituents that are derived from the oceans 


in old marine salt deposits, from active human 
collection of sea salts from ocean water and 
from airborne sea salts. Whether they are 
included in sedimentary rocks is of no concern 
here, we can subtract them from the river 
run-off and try later to divide these cyclic 
salts into different categories. 

Conway (l.c.) who first used this procedure 
and who gives an excellent discussion on the 
whole present subject, concluded, as many 
before him that chloride in river waters must 
be entirely cyclic in the sense given above. 
He postulated that other oceanic elements 
occur in river water in the same proportions 
to Cl as in the sea. In this way he computed 
the cyclic portion of various elements and 
subtracted them from the river water amounts. 
This procedure will be followed also here as a 
first alternative and will be called Alternative r. 
There are, however, indications found in the 
composition of precipitation which suggest 
that Cl and Na are not brought to the ground 
in the same proportions as in the oceans. 
The Cl/Na ratio in precipitation which was 
recently discussed by Rosssy & EGNÉR (1955) 
is generally lower than in sea water. One 
possible explanation which will be discussed 
more in detail later, is that chloride is first 
released from sea salt particles over the sea 
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and then partly transferred to the sea again by 
gaseous turbulent diffusion. If this should 
happen we should apparently base the compu- 
tation on Na. We cannot, however, use the 
total amount but has to allow for some being 
derived by weathering of igneous rocks. 
Regarding 80 per cent of the Na as cyclic 
this leaves 19 million tons x year! as chem- 
ically weathered which is close to the com- 
puted maximum average rate of weather- 
ing of Na. When correction for sea salt is 
made in this way we will refer to is as Alter- 
native 2. 

The result of these computations are shown 
in table 4.4. It is seen that only a small amount 
of sulfur is accounted for by this procedure. 
The amount of Mg is reduced by more than 15 
per cent while Ca and K are but little affected. 
Na is reduced to about half its value in Alter- 
native I giving a rate of chemical weathering 
of Na from rocks about twice that computed 
as the maximum average rate. This seems to 
be too high especially as the main bulk of it 
has to come from igneous which at present 
occupy only a fraction of the land surface. 

With the run-off it is possible to make some 
estimates of the present rate of weathering of 
different rocks. This cannot, however, be done 
in the same simple way as the amounts of 
rocks were computed. The river water anal- 
yses concern only the soluble inorganic part 
while there is practically no information on 
the composition of suspended inorganic matter 
in river water which seems to make up about 


5/6 of the total load of inorganic matter in 
river water (cf. KALLE 1945, p. 118). The 
transport of suspended matter in river waters 
is referred to as mechanical denudation while 
the transport of dissolved matter is referred to 
as chemical denudation. In these processes 
some elements will be found mainly in solu- 
tions while other appear mostly in suspended 
particulate matter. Thus, we have to discuss 
which elements are more abundant in solution 
than in particulate matter. This may, however, 
differ in different rocks. 

If we consider the least complicated type of 
rocks, the limestones, we can expect to find 
practically all of its constituents in solution 
because of the simple process by which lime- 
stones are denuded. Atmospheric carbon 
dioxide in solution reacts with the carbonates 


simply by 


CaCO, + H, CO; (aq) Ca?* (aq) + 
+ 2HCO3(aq) 


and when the carbonates are precipitated again 
in the sea the carbon dioxide used for making 
them soluble escapes into the atmosphere, thus 
acting as a transport band. As noted. before we 
computed the amounts of CaCO, and MgCO; 
in sedimentary rocks by using the ratio 6.3/1 
as suggested by Goldschmidt. Looking at the 
corrected river waters we find that the CaCO;/ 
MgCO; ratios are 7.2/1 for Alt. 1 and 7.8/1 
for Alt. 2, thus higher than Goldschmidt’s 
ratios. We may conclude that practically all 


TABLE 4.4 


Composition of river waters and computations of non-cyclic run-off on two alternatives 


Clarke’s world Present world 


IMG, at Alte 2 


Uncorrected Corrected for 


Constituent average per average per [run-off in million) Corrected for ee ee 
cent cent tons De al using 80 % of Na 
using Cl ers 

in river water 
CO; 35.5 33.1 605 605 605 
SO! 72,2 12.0 219 205 199 
Cl 5.8 5.5 IOI o (6) 
Ca 20.6 19.1 349 347 346 
Mg 3-4 3-5 63 52 pS 
Na 5.8 5.4 99 43 Zo 
K 223 219 41 39 38 
SiO, 11.8 15.2 277 277 ek: 
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Ca and Mg in the corrected river water comes 
from carbonate rocks but that igneous rocks 
contribute also to the Ca in river waters. 

As to igneous rocks only part of their con- 
stituents will appear in soluble form in river 
water. From studies on soil formations it is 
known that such processes lead to the forma- 
tion of so called clay minerals which contain 
more water than the parent material from 
which they are derived. Most primary minerals 
which are the ingredients of igneous rocks are 
thermodynamically unstable at the prevailing 
temperature and moisture conditions and are 
thus broken down, more or less rapidly, into 
so called secondary minerals of which the clay 
minerals, including oxides of ferric iron and 
of aluminium, are most common. In this 
process some constituents go into solution and 
especially Ca and Na. Others like Mg can be 
built into the clay mineral-crystal structure and 
are thus removed by solution to a smaller 
extent. Potassium which competes strongly in 
ion exchange processes on clay mineral sur- 
faces can also become “fixed”, apparently by 
inclusion between layers in layer-structured 
clay minerals This means that in the case of 
igneous rocks we can maybe assume that quan- 
titatively all Na and Ca goes into solution. 

As to the remaining sediments their contri- 
bution of the cations discussed to river water is 
more doubtful. The quartz part in sandstones 
and shales will, of course, not enter the solu- 
tion. As to the rest this is mainly made up of 
clay minerals which should be thermody- 
namically stable unless the rocks are strongly 
metamorphous which a small part may be. 
They should therefore be resistant to chemical 
weathering but naturally subject to mechanical 
disintegration. They may contain some soluble 
elements like sulfur which is in fact enriched 
in sediments compared to igneous rocks. 
Some of the Na may also go into solution as 
it is likely that an addition of this clement 
has taken place in the sea by ion exchange. 
The proportion that goes into solution is 
probably small and may be neglected. If not 
neglected it will decrease the amount of 
igneous rocks weathered. 

With this information we can estimate 
roughly the yearly chemical denudation of ig- 
neous rocks and limestones as follows. Assume 
that all Ca in igneous rocks and limestones 
on their weathering goes into solution and 


that all Na in igneous rocks is found as non- 
cyclic in river water. In this way the rate of 
weathering of igneous rocks is somewhat 
overestimated, that of limestones slightly 
underestimated. 

The rate of weathering of igneous rocks 
then becomes 

Alt. 1. 1,500 million tons x year”! 

Alt. 2. TOME » » 

The release of Ca from igneous rocks be- 
comes 

Alt. 1. 54 million tons x year-1 

Alt. 2. 25 » » » 
and consequently, Ca released from carbonates 


Alt. 1. 293 million tons x year~+ 

Alt. 2. 321 » » » 

With a CaCO, :MgCO, of 6.3/1 in lime- 
stones (pure, including CO,). 

Alt. 1. 850 million tons x year~? 

Alt. 2. 930 » » » 
thus practically the same. 


The ratio of Ca and Mg carbonates in sedi- 
mentary rocks to the remaining sedimentary 
rocks is 1/9.5. As all sedimentary rocks are 
lifted from the sea in the proportions they are 
formed it is likely that on an average they are 
denuded at rates proportional to their masses. 
This means that the total denudation, chemical 
as well as mechanical, should be about ten 
times the figures for the carbonate rocks or, 
say, about 8,000 million tons x year! of 
shales and sandstones of which about 1/5 is 
sandstones. Together with igneous rocks the 
total rate of denudation should amount to 
10,000 million tons x year? which is roughly 
six times the chemical denudation. It was 
mentioned earlier that from direct estimates 
about 1/6 of the total denudation was chem- 
ical in which case the total denudation works 
out to be about 8,000 million tons x year-1. 
These estimates do not differ too much, in 
fact they agree well and the following rounded 
off figures for the yearly denudation can be 
used for estimating the weathering of sulfur. 


Rock type | Alt. ı | Plt ez 
LENÉCUSL AMENER 1,500 700 
ShaleS ie. cee aos woe 6,500 6,500 
SAndstonestes Air ance mee 1,500 1,500 
Limestones (as listed) .... 300 300 
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The low figure for limestones is because 2/3 
of the carbonates are found in shales and sand- 
stones. It does not make much difference which 
alternative is chosen for weathered sulfur as 
igneous rocks are low in sulfur. Now it is 
assumed that by the mechanical denudation 
of shales and sandstones the sulfur and chloride 
in these rocks will appear in solution. The 
percentage of SO, in the different groups of 
rocks are given in table 4.1 on a CO,-free 
basis. Without this correction for CO, the 
percentages for sulfur are: igneous 0.15, shales 
0.60, sandstones 0.09 and limestones 0.33, all 
expressed as SO,. The total amount of sulfate 
weathered then becomes 44 million tons 
according to Alt. 1 and 42 million tons accord- 
ing to Alt. 2, the difference being unimportant. 

The amounts of more common oceanic 
constituents chemically weathered according 
to the different alternatives is seen below in 
million tons-year-1. 


A? TAs s 
SOE RRR APR 44 42 
DR re, 2 2, 
CRE ee 347 346 
LE a eo a 56 53 
INES ee RE RE 43 20 
IS EEE EN CRT eee 39 38 


the main difference being in the Na. Comparing 
the figures for SO, with those in table 4.4 we 
see that less than a quarter of the sulfur is 
accounted for by weathering. The rest must 
come from other sources. It does not seem 
plausible that the sulfur content in shales is 
underestimated by a factor of four. Further, 
we have some other sources to consider. 
Of these human production may have some 
importance. 


5. Human production 


Oceanic constituents in river waters due to 
human activities are either disposed of directly 
into the ground or streams or passes through 
the atmosphere before they appear in river 
waters. Products of combustion which are 
fed into the atmosphere belong to the latter 
group and obviously only a part of the total 
output by chimneys will be precipitated 
over continents. The rest is precipitated over 
the sea. Naturally all elements of the first 
group will be fed into river waters. 
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One large item is chloride in salt production. 
Conway (1942b) estimated the total salt pro- 
duction by human activities to 9 million tons 
per year. However, available statistics give a 
figure of 35 million tons x year-! as the 
present rate which corresponds to 23 million 
tons of chloride per year and may be taken 
as the rate around 1900. Assuming that 
corresponding quantities of other oceanic ele- 
ments are produced at the same time and that 
they find their way to river water these 
amounts become 


Chloride 23 


million tons x year-1 


Sulfur ur » » » 
Sodium 13 » » » 
Calcium 0.5 » » » 
Magnesium 1.5 » » » 
Potassium 0.5 » » » 


These quantities do not appear in the atmos- 
phere. 

As to sulfur it is mined and used in various 
connections. The total industrial production 
for use (mainly in fertilizers) is about 10 
million tons x year-! which is taken from 
various sulfur deposits. Thus about 11 million 
tons of sulfur is annually brought to river 
waters without passing through the atmos- 
phere. 

The next large source of Cl and S is in the 
combustion of fossil fuels. The yearly produc- 
tion of coal is at present about nearly 2 x 10° 
tons. The chloride content is generally low 
and comparable to rocks while the sulfur 
content is appreciable, on an average 1.8 per 
cent (cf. JUNGE & WerBy 1958). The total 
amount of sulfur emitted to the atmosphere in 
various processes is estimated to 40 million tons 
by Junge. Of this 2/3 may be precipitated 
over the sea, while 1/3 is precipitated over 
land, ie. 13 million tons. At the time the 
river water analyses were made (around 1900 
and earlier) the corresponding figure was 
about 1/3 of this or 4 million tons. Now the 
total human production of various elements 
found in river waters can be tabulated. 


Million tons x year-! 


lex. baten (ibe. sete 23 
Sam MEET a8 15 
Nag ace Rte na 
Car M RE RE 0.5 
N De escent 1.5 
KER Shei MRC. dee 0.5 
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TABLE 4.5 


Balance of oceanic elements in million tons x year! 


ee ec re mn nee  _ —__ en 


In river Human 
water activities 
S 73 2 
Cl IOI 23 
Na 99 13 
Mg 63 1.5 
Ca 349 0.5 
K 41 0.5 


6. General balance 


We can now proceed to calculate a residue 
of oceanic components in river water after 
subtracting human production and weathering 
products from the total dissolved load, labelling 
this air borne. As to volcanic Cl we ignore it 
because it can hardly be as large as the maxi- 
mum average computed in table 4.2. CORRENS 
(1956 p. 201) gives estimated output of Cl by 

nown volcanos and this is only a few per 
cent of that computed in table 4.2. Further, 
2/3 of it goes directly into the sea. We may 
therefore ignore it in the present balance. The 
air borne part which is shown in table 4.5 
with the two alternatives in the weathering 
is quite substantial for some constituents while 
rather small for others. The sulfate is given as 
sulfur to facilitate comparisons later in this 
paper. More than half of the sulfur in river 
water is made up of this residue and 2/3 of 
the chloride. As to the cations only Na, is 
found in the air borne part to any larger 
extent while practically all Ca and K in river 
water can be accounted for by weathering. 
Mg is in an intermediate position. 

The quantities in the air borne part should 
represent two sources, one is the atmosphere, 
the other old marine sea salt deposits which are 
being denuded. Conway (1942b) tried to 
account for the marine salts by, including a 
quantity amounting to 2 per cent of the total 
amount of oceanic salts into the sediments 
and then compute from the estimated rate of 
weathering the amount of cyclic components 
derived from these deposits. He managed to 
account for 1.5 million tons of chloride in 
this way which obviously is insignificant. 
Two per cent of the total oceanic salts is about 


Weathering Air borne 
Alt. I Alt. 2 Alt. T Alt. 2 
15 14 43 44 
2 zu 76 76 
43 20 43 66 
56 53 3 3:8 8.5 
347 346 1.5 2.5 
39 38 1.5 2.5 


o.1 kg x cm? of Cl which, if included into 
the sediments rises its Cl content by 0.06 per 
cent and in the present estimates of weathering 
of sedimentary rocks increases the release of 
Cl from sedimentary rocks by about 5 million 
tons which is small compared to the residue 
in table 4.5. Admittedly, the marine deposits 
may weather at a slightly greater rate than the 
rest of the sedimentary rocks because of their 
tendency to move upwards, penetrating other 
sedimentary strata. The effect cannot be large, 
however, else there should be no salt deposits 
left and there are apparently large deposits 
which are not influenced by weathering yet. 

Further, two per cent of the oceanic salts 
is a large quantity. If spread uniformly over 
the continents it would cover them with a 3 
metre thick crust which seems to be too 
much. And, besides, these main deposits could 
never account for the sulfur. 

It seems likely that the air borne part in 
table 4.5 by and large represents oceanic 
constituents carried into continents by the 
atmosphere thus justifying the label used. Now, 
these quantities which are deposited on the 
land surface from the air will apparently 
appear in river waters sooner or later. Those 
precipitated in the drained parts of the conti- 
nents will spend only a short time on land 
before brought back to sea. Those who are 
deposited in basins and deserts will apparently 
spend a much longer time before they are 
brought back to the sea. Basins and desert 
areas are not permanent features. Through 
changes in climate desert areas may gradually 
be washed out and new desert areas created. 
Also basins may be filled with enough water 
to cause a drainage to the sea; changes in eleva- 
tion of the land surface may further cause 
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Precipitation 


Atmosphere 


Spray production, 
gaseous escape 


Precipitation 


Undrained 


Transfer due to Droined 


change in climate 
or topography 


land areas 


land areas 


Fig. 4.1. Schematic representation of the circulation of 
sea salts in nature in a box model arrangement. 


old basins to disappear and new ones to 
appear. If all such processes, climatic and 
epiorogenetic, work steadily, constantly chang- 
ing the geographical location of drained and 
undrained areas, then the air borne part in 
table 4.5 would represent the rate of additions 
from the atmosphere of these oceanic constit- 
uents. 

In this cycle of oceanic elements, in which 
the atmosphere takes part one could picture 
the land areas as reservoirs for these oceanic 
salts. The arrangement of these reservoirs can 
be made in two ways. One way is to arrange 
them as two main reservoirs, one representing 
the peripherally drained areas, the other the 
rest of the land areas. The first reservoir 
contains but little salts while the second con- 
tains much larger amounts. This can be ex- 
pressed in other words in terms of residence 
times of oceanic salts. In the peripherally drain- 
ed area-reservoir the residence time of oceanic 
salt may be of the order of 10 to 100 years 
while in the other reservoir the residence time 
may be of the order of 10,000 years or more. 
With this distinction of land reservoirs one can 
picture the circulation of oceanic salts as in 
fig. 4.1. They originate at the sea surface 
either as spray er by gaseous escape to the 
atmosphere from which they are precipitated 
over land and sea. The part precipitated over 
undrained land areas accumulate for some 
time until climate or topography changes 
when they are transferred to the drained area 
reservoir and from there back to the sea. 

The idea of a steady accumulation of geo- 
logically recent sea salts in desert and basins is 
supported by the observation that recent salt 
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deposits are much more widespread than old 
marine deposits (cf. SPRAKER 1909). A num- 
ber of these recent salt deposits are no doubt 
airborne. 

The other possible model of the land reser- 
voir would have characteristics in principle 
similar to the ocean discussed recently by 
WELANDER (1959) and to the ground water 
reservoirs discussed by Erıksson (1958). In 
such a model the quantity of oceanic salts 
added to the ground is classified according to 
the length of time it will take before it enters 
the ocean again. Salt applied at a rate dF will 
spend say T years on the continents before 
it is brought back to the oceans again. The 
total amount of salt dM stored on the conti- 
nents from this rate of addition and with this 
age will apparently be 


dM = TdF (4.1) 
and the total mass of oceanic airborne salt 
stored on the continents is therefore 


(4.2) 


where F, is the total rate of addition. One 
can regard the rate of addition F as a function 
of T by arranging elements dF according to 
increasing T's so that F for a certain T is the 
rate of addition over land surfaces where the 
time the added salt spends on the continents 
is equal to or less than T. Such a function 
may look like the one pictured in fig. 4.2. 
At very large values of T the function F 
approaches Fy the total rate of addition to 


Ne 


! 


—T 


Fig. 4.2. Schematic representation of the flux of sea salts 
from continents to the oceans as a function of their res- 
idence time on the continents. 
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land surfaces. Then the area to the left of the 
curve (shaded in the figure) is the mass of 
salt on land. Such a model of a reservoir can 
be applied to many different kinds of circula- 
tions in nature. 

The air borne part in table 4.5 will be discussed 
more in detail later when it will be com- 
pared to actual data on the additions of salts 
from the atmosphere to continents. If it 
was assumed that these amounts drained 
only from areas of peripheral run-off one 
obtains the yearly run-off in kg ha-t by 
dividing the figures by 10. 


7. The “air borne” sulfur 


The geochemical circulation of sulfur has 
been an enigma, cautiously and vaguely 
discussed by authorities like GOLDSCHMIDT 
and CLarke. The problem aroused after the 
detailed investigation on river waters in the 
United States when it was found that river 
waters discharged so large amounts of sulfur 
that it was hardly possible to account for by 
weathering. At that time the composition of 
different rocks were known well enough to 
make such a comparison. The problem seems 
to have been brought up by H. S. SHELTON 
in 1910 who by comparison of rock and river 
analyses concluded that the analytical method 
of sulfur determinations in river water used by 
the U.S. Geological Survey must have given 
far too high results. A reply by Dore (1911) 
did not clarify the question and a new attack 
by SHELTON came in 1914 followed by a 
prompt reply by Doz (1915). In 1915 SHELTON 
delivered two more papers on the subject of 
which the last is a noteable attempt to discuss 
the balance of different elements in river 
waters, Ocean water and rocks. Again he 
found the sulfur concentrations in river 
water to be too high to be accounted for by 
known processes of transfer from sea to 
land and again he concluded that the discrep- 
ancy must lie in the analytical method for 
sulfur in river water. The discussion which 
was quite animated seems to have stopped 
by then and no alternative explanation was 
ever offered by Dote. 

In the 1924 edition of Crarxr’s “Data on 
Geochemistry” CLARKE only touches the 
problem referring to the oceans by the state- 
ment: “On the whole, sulphates seem to 
accumulate in the ocean, but the figures are 


not wholly concordant or satisfactory. The 
extent of their precipitation is by no means 
clear, although they are found in all clays and 
oozes in trivial proportions.” Now, Clarke 
believed in a comparatively young ocean of 
around 70 million years and yet he had difh- 
culties to balance the sulfur in the oceans. 
The conditions apparently get worse if an 
age of the order of 10° years is used. 

In 1942 Conway (1942 a, b) made a note- 
worthy and rather elaborate attempt to re- 
construct the history of the oceans out from 
geochemical data. During this process he had 
to consider the balance of different elements 
in the oceans. At that time sea salt spray was 
known to be transported into continents in 
sizeable quantities and being aware of this he 
introduced the term cyclic salts for those 
salts in river water which had the composition 
of sea water. After subtracting these from 
river water salts he found a large fraction of 
sulfur—just as discussed earlier—which could 
not be accounted for by weathering or any 
other source. CONWAY was thus in the same 
position as SHELTON earlier but unlike him 
he did not think there was anything wrong 
with the analytical method of sulfur analyses 
in river water. Instead he postulated that this 
excess was of marine origin which escaped 
the sea in the form of H,S, which is known 
to be volatile. As a suitable source for this 
H,S he took the continental shelves which 
are covered to large extent by the so called 
blue mud, a strongly reducing media. Due to 
accumulation of organic matter on the bottom 
anaerobic conditions develops favouring reduc- 
tion of sulfate to H,S. That this process 
takes place in some areas is known, a well 
known example being the Black Sea the 
deeper parts of which is completely void of 
oxygen containing appreciable concentrations 
of HS. As to the continental shelves there is 
no evidence of such reducing conditions but 
Conway assumed the H,S to diffuse to the 
surface of these shallow areas and escape into 
the atmosphere. This would not be completely 
impossible. It is true that hydrogen sulfide is 
never detected in waters where oxygen is 
present. On the other hand, the present 
analytical methods for H,S in sea water are 
adjusted to quite large concentrations, far 
larger than needed for this process. Considering 
a turbulent diffusion coefficient of only 1 cm? 
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x sec=! a steady transport would not require 
a concentration difference of more than 10 ug 
x 1-1 of H,S through a depth of 100 meters 
to account for the whole quantity required. 
This is estimated for the area of the shelf, 
about 8 per cent of the total ocean area. 
Obviously, more refined technique than exist- 
ing at present is required to detect such a small 
gradient. CONWAY’s approach to solving the 
problem is interesting and quite reasonable and 
his ideas were apparently so advanced that no 
alternatives are found later in the literature. 

The mechanism postulated by Conway is, 
however, not the only one possible. There 
are, at least, two more possibilities which 
should be mentioned. One is H,S production 
in intertidal flats which cover an appreciable 
area. This possibility was suggested in 1955 
by J. Bouquiaux (cf. Erıxsson 1955b p. 394) 
and recently by Dr. Redfield, Woods Hole 
Oceanographic Institution (personal commu- 
nication). The conditions for H,S production 
in these flats are ideal. They are very rich in 
organic material and are strongly reducing, 
the sulfate being used as an oxygen source 
to a large extent. They are periodically fed 
with sea water sulfate and periodically laid 
bare which will facilitate the escape of H,S. 
It is, however, impossible at the present state 
of knowledge to assess the total production 
of H,S in these flats. 

Another source is H,S released during the 
metabolic turnover of organic material in 
the sea. During the breakdown of proteins 
sulfur will be released as H,S. The larger part 
of the turnover of organic matter takes place 
in the surface water where escape of H,S is 
quite easy. The total turnover of H,S can be 
estimated from the yearly rate of assimilation 
and the S/C ratio in phytoplankton. As to 
the rate of assimilation in the sea estimates 
vary within an order of magnitude. HuTcH- 
INSON (1959) gives a probable figure for the 
gross production of 260 x 10° tons CO, or 
70 x 10° tons C per year and the net pro- 
duction about half as large. From data in 
SVERDRUP et al. (1949) the S/C ratio in this 
material is 0.0075 so the corresponding assim- 
ilation of sulfur becomes 260 million tons 
x year=t. It is obvious that only a fraction of 
this is needed to account for the “‘residual” 
sulfur in river water. One would expect 
strong regional differences in H,S production 
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if this overturning of organic matter in the 
sea is important, the shelf areas being most 
important because of their productivity. 

To see whether such a mechanism is likely 
one should look at the volatility of H,S in 
sea water. At the pH of sea water about 90 
per cent of dissolved hydrogen sulfide should 
. present as HS~. The reaction of interest is 
tnus 


HS (g) >H* (aq) + HS” (aq) 


for which the standard free energy change is 
10.9 kcal and the corresponding equilibrium 
constant K = 10-8. The partial pressure of 
HLS over sea water with pH 8 is then 


Pus Zeile 


when Py,s is measured in atmospheres and 
ays- in moles x 1-1. Converting the partial 
pressure into ug-m? it can be shown that if 
the air contains 10 ug H,S - S per m? then at 
equilibrium the sea water concentration of 
HS~ —S. is 0.78: 10-8 moles x 1+ or 0.25 
ug x 1-1 thus extremely small. An escape of 
released H,S is therefore quite conceivable 
even if HS would be oxidized fairly easily 
in sea water. Such a low H,S concentration 
in sea water cannot be detected by standard 
procedures. 

Once in the atmosphere H,S is probably 
easily oxidized to SO, which is a quite com- 
mon constituent of the atmosphere. 

All data on the rainwater composition in 
places remote from industrialization favours 
this mechanism of release of sulfur from the 
sea. The data by Gray (1888) from Lincoln, 
Canterbury in New Zealand close to the 
coast, gave Cl/S ratios in rain water from 9 
to II whereas the same ratio in sea water 
is 21.5. ERIKSSON (1957) has given data on 
the composition of rainwater in Hawaii col- 
lected close to the windward coast and for 
these samples the Cl/S ratios vary between 
11.9 and 22.8. Further inland in Hawaii the 
ratio decreases and is always less than 10. Even 
in the most remote places this excess of sulfur 
over chloride in precipitation is noted. 


V. Chemical reactions in the atmosphere 
involving oceanic components 


It was observed early that the composition 
of precipitation in coastal regions differs from 
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sea water composition with respect to the 
Cl-Na ratio. In fairly recent studies SUGAWARA 
et al. (1949) and Mrvyake (1948) made system- 


atic studies of the chemical composition of 


precipitation of various origin and sampled at 
various distances from the sea. They found 
that the proportion of sulfur and calcium in- 
creased inland. To account for the changes in 
composition they postulated a mechanism that, 
though interesting, is very unlikely. They 
pointed out that when sea salt particles evap- 
orate calcium sulfate first forms solid precipi- 
tation. They assumed that these crystals sep- 
arate from the main sea salt droplet and are 
carried much further inland before precipita- 
tion as they are less hygroscopic. 

Any mechanical separation of crystals 
forming in a sea salt particle seems, to the 
present writer, physically improbable. Small 
CaSO, crystals can hardly leave a drop 
penetrating through the air-liquid interface 
just by gravity. Firstly they are physically 
absorbed on a liquid surface which can be 
easily verified experimentally and secondly, 
if they fell out of a larger drop they would 
have a much lower fall velocity than the drop 
and then be caught by the drop. 

Below 75 per cent relative humidity NaCl 
crystallizes and one may consider a physical 
separation at that stage. But a sea salt particle 
never get absolutely dry under ordinary condi- 
tions in the atmosphere because already the 
presence of magnesium and chloride will 
leave a wet film around the particles even at 
comparatively low relative humidities which 
can be observed under a microscope. Where 
such a wet film is present it is extremely doubt- 
ful if small crystals of CaSO, can be shaken 
off the much larger sodium chloride crystals. 

Earlier CAUER (1938) suggested a chemical 
process by which chloride could be separated 
from both sea water and sea salt, a process 
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which is qualitatively possible. This process 
involves ozone which is known to oxidize 
chloride to chlorine, Cl,, which is volatile 
and thus can escape into the atmosphere. It 
reacts, however, with water forming equal 
proportions of hydrochloric acid, HCl and 
hypochlorous acid HClO. CAuEr had ob- 
served that atmospheric vapor in coastal 
regions, condensed on a cold surface gave an 
acid reaction while sea water is slightly alka- 
line. He postulated a release of chlorine from 
sea water by ozone and then formation of 
HCl, giving the low pH observed. His theory, 
though probably not quantitatively important, 
is nevertheless a considerable progress in at- 
mospheric chemistry. ERIKSSON (1955b) sug- 
gested another theory for the separation o 
chlorine namely through the addition to the 
sea salt particles of H,SO, formed in the 
atmosphere by the slow oxidation of SO, 
in the atmosphere. Such an addition causes 
chloride to escape as HCl and gives the fre- 
quently observed low pH-values of precipi- 
tation. An account of the two chemical proc- 
esses suggested will be given but, in order to 
see the background clearer, some data by 
JUNGE (1956) on the chemical composition of 
the gaseous phase and sea salt particles of 
different sizes will be given. 

In his study of the chemistry of air JUNGE 
managed to separate gases and particulate 
matter in the sampling procedure. He further 
separated the particulate matter into two 
size groups, namely giant particles (radius o.8— 
8 mw) and large particles (radius 0.08—0.8 u). 
He analysed the samples for ammonia, chloride, 
sulfate, sulfur dioxide, nitrite, nitrate and so- 
dium. Of his measurements those in Florida 
and on Hawaii are the most interesting and 
perhaps most significant for maritime air 
remote from industrial contamination. The 
average data from these places are shown in 


TABLE 5.1 


Average concentrations of Na, Cl and S in particulate and gaseous form in Hawaii and Florida. 
Values in ugxm°. From Junge (1956) 


Large particles 


Na Cl | S 
Hawaii: 09 Io 
HIT ner 06 .05 Io 


Giant particles Gas phase 
Se oar 
— | 4.96 | .26 | 1.92 37 
.85 1.49 ‚Io 1.57 1.00 
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table 5.1. As to particulate matter chloride is 
found almost exclusively in the giant particles 
which in fact are those discussed earlier with 
examples from Wooncock’s data. In so- 
called large particles, which are smaller than 
0.8 u in radius, sulfur seems to be enriched 
relative to chloride but even in the giant 
particle fraction sulfur is enriched compared 
to the composition of sea water. In Hawaii 
the Cl/S ratio is 19.1 as compared to the sea 
water value 21.5 while for Florida it is 14.9. 
There is thus an excess of sulfur in the salt 
particles which, in the case of Hawaii is also 
reflected in the composition of precipitation 
(cf. ERIKSSON 1957). 

As to the gas phase there are appreciable 
concentrations of both chloride and sulfur. 
Chloride may occur in two forms, as ammo- 
nium chloride and as hydrochloric acid. 
Thermodynamic data on ammonium chloride 
are, however, lacking so it cannot be deter- 
mined with certainty whether ammonium 
chloride, at those low pressures can exist in 
gaseous form or whether it is completely 
dissociated into ammonia and hydrochloric 
acid. As to sulfur it was determined as SO, 
which, from a chemical point of view, is the 
only compound of sulfur beside hydrogen 
sulfide, HS, which can exist in the gaseous 
state in the atmosphere. The excess sulfur is 
thus considerable at both places. And in 
Florida the concentration of S in the gas 
phase is about 5 times higher than the concen- 
tration of S in the particulate phase which is 
present as sulfate. 

As it is most likely that the gaseous chloride 
originates in sea salt particles we may now 
consider the two chemical processes men- 
tioned earlier to see if possible which is more 
important. 


1. Oxidation of chloride by ozone 


This reaction, suggested by Cauer to be 
responsible for the low pH-values of precip- 
itation has been studied in detail by YEATTS & 
TauseE (1949). The first step in the reaction is 


O3(g) + Cl“ (aq) +O2(g) + CIO” ea 
ST 
followed by 
CIO- (aq) + 2H* (aq) + CI (aq) > CL (g) + 
+ H,0 (liq) (5.2) 
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The first reaction is rate determining and ex- 
perimentally they found 


AC) _ [Og] [CI] + hy [Og] [C1] [4 


dt 
(5.3) 


where the brackets denote concentrations in 
moles x 1-1, The values of k, and k, found 
were 


Ore k, 
9.5° C 


0.0128 k, = 0.124 
k, = 0.0379 k, = 0.366 


Dimensions | x mole! x min~! for k, 
12 x mole-? x min! for k, 


At the pH of sea water k, can apparently be 
neglected and, at a partial pressure of ozone of 6 
x 107$ atm and [Cl] ~1 the first product ClO- 
is formed at a rate of 2.2 x 10-11 moles x 1-1 
x min-! at 0°C and about three times faster 
at 10°C. Considering a sea salt droplet the 
time constant of the reaction is about 104 
years for converting the chloride to CIO-. 
It does not seem likely that such a slow rate 
can account for the loss of Cl from sea salt 
particles actually observed. In coastal regions 
of Europe the Cl/Na ratio in precipitation is 
frequently around 1.6 and lower indicating 
at least 10 per cent loss of chloride. With the 
reaction above it would take 10° years to 
achieve this. At low pH value, say around 
unity, the reaction would go about twice as 
fast but even then the rate would be too slow. 
If sea salt existed in particulate form it is 
hardly likely that this would increase the rate 
by five orders of magnitude. 


2. Release of HCI by absorption of SO, or H,SO, 


As there is SO, in the atmosphere this is 
steadily oxidized to SO, which, being extremely 
hygroscopic, would soon be absorbed by any 
particulate matter as H,SO,. Then pH will 
be lowered and another reaction 


HCI (aq) > HCl (g) (5.4) 


has to be considered. This reaction must be 
fast as it is only a phase change involving no 
other molecules. The free energy change of 
this reaction is AF° = 8.68 kcal at 25° C and 
thus the equilibrium constant ro~*%, Thus 


at equilibrium 
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Prcr= 107988 + auıcı = 1078-89 ap» acı- 
(5-5) 


where a denotes the molar activity. Suppose 
the pH of rainwater is 4.5, a very common 
figure for the west coast of Europe, and the 
salt content is 30 mg x 17}, this represents 
sea water diluted 1,000 times except for the pH. 
The corresponding salt particle, while in the 
air must have been at least 10 times more 
concentrated than sea water and must conse- 
quently have had a pH of around unity. 
Further, the concentration of chloride in the 
drop must have been around 1 molar. At 
that state the partial pressure of HCl must 
have been 10-74 atm. As the pressure to be 
accounted for is around 10-8 atm it is seen 
that this is a very effective mechanism. 

One can, considering this reaction, expect 
that for every SO, absorbed on sea salt par- 
ticles approximately 2 HCl are released from 
the particle into the gaseous phase. 

This mechanism thus explains two things, 
namely the often observed low pH of precipi- 
tation and the presence of gaseous chloride in 
the atmosphere. Then we may ask ourselves 
if the rate of oxidation of SO, is large enough 
to make the picture semiquantitative. 


3. Rate of oxidation of SO, 


GERHARD (1953) investigated the reaction 
2SO2(g) + O2(g) +2SO5(g) (5.6) 


and found it proceed with measurable speed in 
daylight. Further it was found to obey a first 
order reaction with a rate constant of around 
0.1 to 0.2 per cent per hour. He also found 
that ozone was unable to oxidize SO, to SOs. 
JuNcE& Ryan (1958) later studied the oxidation 
of SO, in a cloud under which condition the 
oxidation takes place in solution and found 
that when ammonia was present, the reaction 
was rapid. The simple interpretation of this 
observation is the fact that the rate of oxidation 
of SO, in water is pH sensitive which is known 
from polarography where sulfite in alkaline 
solution effectively and rapidly removes dis- 
solved oxygen. From JUNGE’s experiments it 
appears as if the rate of reaction at low pH 
is extremely slow. This means that SO, is 
oxidized to sulfate to a degree corresponding 
to the excess base being present initially. 
Jouansson (1959) correlated the annual 


sulfur amounts in precipitation to the con- 
centration of sulfur in air from the Swedish 
data which for all practical purposes can be 
taken as sulfur dioxide sulfur and obtained as a 
result an increase in the yearly precipitated 
sulfur of 0.9 kg x ha-1 for an increase in the 
sulfur concentration in air of I ug x m®. 
Assuming that only sulfate sulfur is removed 
by precipitation the rate of removal must be 
proportional to the rate of oxidation of SO,-S 
in the atmosphere. 1 ug x m? of SO,-S 
mixed uniformly throughout the atmosphere 
amounts to I ug x cm”? in a column of air. 
With a rate of oxidation of 0.1 per cent per 
hour, the lower figure given by Gerhard, we 
0.1-24-365 
100 
=8.8ugxcm-? or 0.88 kg x ha-1 for each 
ug x m”? of SO,-S present. This agrees very 
well with the figure found by JoHANsSON. 
Considering, however, dry deposition of sul- 
fate sulfur in particulate matter it is possible 
that the average rate of oxidation is 0.2 per 
cent per hour. It is difficult to decide how 
much of this oxidation takes place in the gas 
phase and how much takes place through 
oxidation in the liquid phase of clouds in the 
way studied by Junce. If we set a probable 
value of 0.1 per cent per hour for the gaseous 
process, the two processes become of equal 
importance. 


arrive ata yearly rate of oxidation of 


4. Transfer of oxidized SO, to sea salt particles 
The SO, formed by oxidation of SO, in 
the gas phase has a great affinity for water and 
will either as SO, or as H,SO, molecules be 
absorbed on particles in the atmosphere. 
The transfer is of course simply by diffusion. 
If the gas density of SO, or H,SO, is do 
the rate of mass increase of sulfate sulfur in 

any particle will be 
en = 4nrDAo 


dt (5.6) 


where D is the diffusion coefficient and r 
the radius of the particle. The rate of concen- 
tration increase of sulfate sulfur will, however, 
be 

de 3aDAo 

a PF (5:7) 


thus inversely proportional to the square of 
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the radius. Smaller particles will therefore 
increase their concentration of sulfate sulfur 
much more rapidly than larger particles. This 
accounts well for the greater proportion of 
sulfate found by JUNGE in the large particle 
fraction compared to the giant particle fraction. 
Considering the replacement of Cl taking 
place, smaller salt particles will lose propor- 
tionally much more of their chloride than 
larger sea salt particles. Quantitatively, how- 
ever, the greatest loss will occur in the larger 
particles though the percentage loss will be 
small. 

The loss of chloride from sea salt particles 
will, of course, change their Cl/Na ratio and 
the degree to which this occurs will depend 
upon the size of the particles and their resi- 
dence time. A complication is, however, 
coalescence processes that so to speak transfer 
low Cl/Na ratios from small particles to larger 
particles. It is therefore not possible to predict 
quantitatively the Cl/Na ratios as a function 
of particle size. 

Also soil particles will absorb the SO, 
formed by oxidation of SO, in the gas phase 
and one can expect that the solvent action 
of the concentrated acid formed will attack 
them severely. Calcium carbonate particles 
will be converted into calcium sulfate and 
feldspars will probably partly dissolve. How 
much they are attacked will, however, also 
depend on their residence time in the atmos- 
phere. It is apparent that the elements released 
will modify the chemical composition of the 
soluble part of particulate matter in the atmos- 
phere. Of special interest is, of course, addition 
of sodium from soil particles which will affect 
the Cl/Na ratio. There are, however, indica- 
tions that this addition of sodium is relatively 
unimportant whereas the addition of calcium 
is much greater. This is, perhaps, understand- 
able considering the chemical composition of 
soils in arid regions, important source regions 
for soil particles in the atmosphere. 

If the process suggested for the release of 
HCI is likely then on an equivalent basis, the 
excess of sulfur in precipitation should be at 
least as large as the deficiency of chloride using 
sodium as a reference. This may be tested as 
some coastal stations in West Europe where 
addition of sodium from soil particles is least 
likely. In table 5.2 a few coastal stations have 
been selected and the excess of S and defi- 
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TABLE 5.2 


Yearly excess sulfur and deficiency of chloride 
at a few coastal stations for 1958 


g. equiva- 
Satine lents per ha 

S Cl 

Borno’ (Bo); Sweden.) hw hae. 186 43 
Tistam( Le) Norway EC 210586 175 
Rjupnaheda(R})/Alceland. #00. oc 3 o 
Den Heldern (DN), Netherlands..| 476 627 
Borns. (Br), Denmark rs ays 645 167 
LerwickA(Lw), Shetland..." 509 862 


ciency of Cl calculated and expressed in 
gramequivalents per ha and year. It is interest- 
ing to note that in three places, Bo, Li and 
Bs, the excess of sulfur is far greater than the 
deficiency of chloride. In one place, Rjup- 
nahed in Iceland, there is practically no de- 
ficiency of chloride nor any excess of sulfur. 
In the remaining two, den Heldern in the 
Netherlands and Lerwick on Shetland, the 
deficiency of chloride is somewhat greater 
than the excess of sulfur. One should, however, 
include also nitrate nitrogen in this calculation 
as this can be added as an acid and will behave 
like sulfuric acid in the replacement of chlo- 
ride. This will increase the excess of replacing 
anion by 298 g.equiv. in den Heldern and by 
77 in Lerwick. 


5. Other possible reactions 


| There are some reactions involving nitric 
oxide and chlorine which should be mentioned 
as they have been suggested recently as a 
process for the release of chloride from sea 
salt particles. Nitrosyl chloride, NOCI, can 
form from chlorine and nitric oxide by the 
reaction 


Cl, (g) + 2NO (g) +2NOCI(g) (5.8) 


From thermodynamic data (see LATIMER 
1953 p. 91) one can compute the free energy 
of reaction to — 9.72 kcal x mole}. Thus, 
the equilibrium constant becomes 1072? so 


Pnocı = 10361. PNo VPor, (5-9) 


In the atmosphere PNo is of the order 107° 
atm. Chlorine on the other hand must be 
extremely low in the presence of free hydrogen 
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and light and could hardly exceed 10719 atm. 
This means that Pnocı should be less than 1071 
atmospheres, thus more than two orders of 
magnitude less than the gaseous chloride pres- 
ent in the atmosphere. In presence of water 
it hydrolysis rapidly forming HNO, and HCl. 
The reaction rate has been studied by ASHMORE 
& CHANMUGAN (1953 a and b). 

It has been found, however, that solid NaCl 
can react with nitric-acid to form sodium 
nitrate, nitrosyl chloride, chlorine and water 
(Nrkonova & EpsHTEIN 1952). This reaction 
has been studied also by Rossins et al. (1959) 
who found it to be of negligible importance 
in the atmosphere. They, however, suggested 
that nitric acid released HCl just as H,SO, 
does. 


6. Conclusions 

Of all the possibilities discussed here the 
simplest process, namely release of HCl from 
sea salt particles by absorption of SO; or 
H,SO, from the air, seems to account for the 
deviation in the composition of sea salt par- 
ticles from the composition of sea water. But 
unless the HCI released is separated from the 
particles in space no effect will be seen on 
rainwater composition. These aspects will be 
discussed in another section. 


VI. Deposition by gravitational fallout, im- 
pingement and gaseous absorption 


The.total deposition over land is the amount 
in precipitation plus the deposition of particu- 
late matter by fallout and impingement and 
absorption of gaseous compounds by soil and 
vegetation. As to the rate of fallout over the 
sea this was computed from available data to 
average about 0.7 cm : sec~!. Considering the 
great role played by the large, shortlived sea 
salt particles in the fallout the rate of fallout 
over land must be considerably slower. It is 
possible, however, that impingement on vege- 
tation becomes much more important, and 
naturally this can also be expressed as a velocity 
times the concentration. 

For gaseous components the vertical trans- 
port velocity over the sea was estimated from 
the rate of evaporation to be around 1 em : sec-1. 
Considering conditions in a few meters of air 
above the ground level we may expect this 
vertical transport velocity to be much larger 


over land due to the roughness of the ground 
which certainly increases the turbulent charac- 
ter of air motion. 

In the following these two processes, dry 
deposition of particulate matter and gaseous 
absorption will be considered in some detail. 


1. Dry deposition of particulate matter 


It is possible from available data on the 
composition of Swedish and Finnish air and 
precipitation published quarterly in Tellus and 
on the run-off of chloride in river waters as 
presented by Erısson (1955 a) to compute the 
deposition velocity for chloride in Sweden. 
For this purpose the years 1955 to 1957 were 
chosen. Average yearly amounts of chloride 
in precipitation were computed and the result 
corrected to normal precipitation as estimated 
by a precipitation map worked out by BERG- 
STEN (1954). The reason for this correction is 
that the measured precipitation in the equip- 
ments used for precipitation sampling in the 
chemical network is always less than those 
measured by standard rain gauges. The chemi- 
cal sampling funnel is unfavourably exposed 
to winds so that the efficiency at light rainfall 
and especially during snowfall is rather low. 
Yearly figures may be as much as half the 
officially reported values for the north of 
Sweden while differences are smaller further 
south where snowfall is less abundant. It also 
varies from station to station depending upon 
the local exposure of the chemical sampling 
equipments to winds. 

Similar considerations have also been applied 
to Norwegian, Finnish and Danish data. For 
Norwegian and Finnish stations all values have 
been increased by 25 per cent while Danish 
values are increased by only 15 per cent. The 
resulting distribution of yearly chlorideamounts 
in precipitation over Scandinavia is shown in 
the map in fig. 6.1. 

As to Scandinavian air data the monthly 
average of chloride in air at the different sta- 
tions were used with the following exceptions 
(Station symbols refer to the symbols used 
when publishing data. Their name and location 
is recently described by FONSELIUS, 1958). 


a. Ki. 1957 data discarded because chloride 
concentrations are nearly two orders of 
magnitude higher than normal apparently 
due to contamination by CaCl,. 
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Fig. 6.1. Chloride in precipitation over Scandinavia in 
kg - ha-l: year-!. Average for 1955 to 1957 (3 years). 


b. Of. Jan. 1956 excluded, far above normal 
with Cl/Na = 29.1. 

c. Fa. July 1957 excluded. Conc. of Cl = 86 
ug -m > and Cl/Na = 143. 

d. Fl. July 1957 excluded for similar reasons. 

e. Va. Sept. 1957 excluded as excessive Cl and 
Ca suggests contamination by CaC],. 

f. Ka, Ku, Jy, and Tv. Only 1955 values used. 
In 1956 and 1957 some extremely high 
Cl-values. 


Normally some months may be missing 
during a year for various reasons. The aver- 
ages are therefore simply computed from the 
remaining monthly averages. 

The computed averages are found on the 
map in fig. 6.2 which shows about the same 
geographical pattern as chloride in precipita- 
tion. 

From the map on the distribution of yearly 
run-off of chloride shown by Erıksson (1955 a) 
the run-off at the Swedish and Finnish stations 
that carry out air sampling was estimated. 
By subtraction of chloride in precipitation 
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from the run-off chloride the amounts of dry 
deposited chloride were computed and from 
these and the average concentrations in air the 
deposition velocities expressed in cm - sec-1. 
These are entered on the map in fig. 6.3. 

The computations are thus made on the 
tacit assumption that no dry deposition occurs 
into the sampling funnels. This may not be 
entirely true as large salt particles, especially 
during night-time when there is no wind 
have a fair chance of being collected by the 
funnels. These large particles may be to a large 
extent, especially in places remote from the 
sea, a result of coalescence of cloud droplets 
and evaporation as discussed in section III. 
The dry deposition looked for here is therefore 
mainly due to the impingement of smaller 
salt particles upon vegetation. The effectiveness 
of this impingement depends on the size 
distribution as the efficiency of the process 
decreases strongly for smaller particles. 

The deposition velocities on the map are 
naturally to be compared to the average 


Fig. 6.2. Chloride concentration in surface air in Scan- 
dinavia except Denmark. In ug m Ÿ. Average for 1955 
to 1957 (3 years). 
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Fig. 6.3. Deposition velocities in cm sec”! for chloride. 
Computed from chloride in precipitation, in river water 
and in air. 


deposition velocity for sea salt particles over 
the sea, computed to be on an average 0.7 
cm -sec-t. If the large end of the particle 
spectrum is removed at an earlier state one 
can expect to find values lower than 0.7 
cm -sec~! over land. On the other hand over 
forested region not too far from the sea one 
can expect to find higher values due to the 
effectiveness of vegetation for the impinge- 
ment process. 

The data in fig. 6.3 seem to confirm by and 
large the conclusions drawn above. The very 
low value at Riksgransen in the far north of 
Sweden may be due partly to a too low 
estimate of river run-off chloride but partly 
on the absence of forest vegetation and the 
long lasting snow cover which smoothes the 
ground considerably. The other low values 
for the north of Sweden are close to the coast 
of the Bothnian Sea, and are, furthermore, 
situated in coastal plains, largely deforested. 
On the other hand, the other places in the 
north which have high deposition velocities 


are all situated in densely forested regions 
where the conditions for impingement to 
take place are favourable and where the 
distance to the source of the air, the Norwegian 
Sea, is not too great. 

In the middle part of Sweden the influence 
from the North Sea is well known and shows 
up in the deposition velocities which, even on 
deforested areas are appreciable. 

As to Finland the values are on the whole 
somewhat lower and comparable to the depo- 
sition velocity over sea. As Finland can be 
regarded as a continental area with respect to 
the sea this salt transportation is of considerable 
interest. Similar values can be expected also 
further inland. 

In order to be able to use deposition veloci- 
ties for estimation of dry fallout of salt one has 
to know the concentration of salt in the air 
near the ground. This is known so far only in 
the West-European chemical network. As it 
is of interest to get an idea about the dry 
fallout or total fallout, in areas where precipi- 
tated amounts are known, like the USA, some 
other way may be explored empirically. As it 
happens there seems to be a strong correlation 
between river-run-off chloride and chloride 
brought down by precipitation. The ratios of 
chloride in precipitation to chloride in river- 
run-off have been computed for Sweden and 
Finland and are entered on the map in fig. 6.4. 
It is seen that, on the whole, they are remark- 
ably constant varying closely around 0.30 
(average 0.316). Larger deviations occur in 
places where the river-run-off has been difficult 
to estimate as on water divides or at the coasts. 
There are no systematic deviations depending 
upon geographical location. It looks from 
these data as if precipitation chloride as a 
rule constitutes one third of the total amount 
delivered to the ground. Multiplying rain- 
water chloride amounts by three can therefore 
be expected to give a fair estimate of the total 
amount brought to the ground. 

The question now is open whether this 
“rule of the thumb” can be applied to other 
elements in particulate form. It can be applied 
to other non-volatile oceanic elements provided 
they are of oceanic origin and no doubt this 
is largely true for sodium. But in the case of 
potassium and calcium some caution is neces- 
sary because the size distribution of particles 
of land origin containing these may be quite 
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Fig. 6.4. Ratios chloride in precipitation to chloride in 
river run-off over Scandinavia. 


different from sea salt particles, thus showing 
differences in efficiency of the impingement 
process which to a great extent is responsible 
for the dry deposition. However, the percentage 
removed from air by precipitation of the total 
amount removed cannot differ too much from 
that of chloride particles if these soil particles 
have travelled long distances. It may be some- 
what greater because the hygroscopic sea salt 
particles are steadily growing by coalescence 
which favours dry deposition. As a conserva- 
tive estimate one may assume, for the sake of 
computational purposes, that the total fallout 
of these particles is twice that found in precip- 
itation. This is low also for another reason. 
Mineral particles containing potassium, calcium 
and magnesium are certainly attacked by 
sulphur compounds in the atmosphere and 
made partly soluble. But in rainwater a residue 
of insoluble particles will escape detection, at 
least in the procedures used in the West- 
European network. In the early Swedish 
network described by EGNÉR et al. (1947) 
precipitation was filtered through ion ex- 
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changers which through their strong dissolving 
action probably dissolved all mineral particles 
except quartz. The yearly calcium values 
reported by EMANUELSON et al. (1954) from 
this network are as a rule higher than present 
day figures by a factor of about two. 

As to sulphur in precipitation conditions are 
somewhat different. In the atmosphere it can 
exist both as SO, in gaseous form and as 
sulphate in particulate form. Liquid water in a 
cloud contains practically all the sulphate 
sulphur and some of dissolved SO,. As to 
chloride all particulate chloride is included 
and probably all gaseous chloride (as HCl or 
H,NC]) existing earlier in gaseous form. On 
the other hand there is proportionally much 
more sulphur in the gaseous phase than chloride, 
most of the chloride being found in particulate 
matter. Therefore one can expect chloride and 
sulphur to be removed by precipitation in 
their proportions in particulate matter. But 
precipitation also contains freshly dissolved 
SO, so the “rule of the thumb” cannot be 
applied immediately to the deposition of 
sulphur. The total deposition of sulphate 
sulphur is therefore probably not much 
greater than sulphur in precipitation. This 
sulphate sulphur does, however, not necessarily 
appear in river run-off. It is also likely that 
this deposition is not the total deposition of 
sulphur. Gaseous absorption by soil and vegeta- 
tion has to be considered. 


2. Absorption of gaseous compounds 


In the case of gases that are absorbed by 
soil and vegetation the concept of a vertical 
transport velocity discussed in section II can 
be rigorously applied and data computed on 
this velocity are therefore a physical inter- 
pretation of the effect of turbulent diffusion. 
It was derived earlier that over the sea a 
probable value of this transport velocity is 
around 1 cm - sec~}, while over land, especially 
vegetation covered areas, it must be much 
larger. In experiments with radioactive iodine 
CHAMBERLAIN & CHADWICK (1953) computed 
a deposition velocity, which is equivalent to 
the vertical transport velocity defined here, 
of about 2 cm : sec”! over pasture vegetation. 
These experiments and other pertinent data 
have recently been discussed by BoLIN (1959). 

As to sulphur dioxide, the main sulphur 
constituent in the atmosphere, it has been 
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TABLE 6.1 
Sulphur Sulphur Added Vertical 
content of | added by from transport 
air in precip. the air velocity 
ug > m-% Kouba te ko hal | Cm sea. 
78 38 260 1.05 
45 20 100 .70 
43 | 12 74 -54 
23 1 24 Se 
12 7 Io 20 
Io 4 7 22 


shown experimentally that it is readily absorbed 
by plants which utilize the absorbed sulphur 
in their green parts (for a short review see 
JOHANSSON 1959). In a very interesting and 
penetrating work by JoHAnsson (l.c.) the 
absorption of sulphur from the air by soils 
and vegetation has been studied quantitatively. 
From his data it is possible to compute vertical 
transport velocities with the a priori assump- 
tion that the absorption is so rapid that the 
laminar boundary layer is the real bottleneck 
for transfer into the soil and into plant leaves. 

JoHansson worked with pot experiments at 
different distances in the downwind direction 
from an industrial plant that produced sizeable 
amounts of sulphur emitted into the atmos- 
phere. In one series of experiments pots filled 
with a soil low in sulphur and with no vegeta- 
tion were exposed in the open at various 
distances. Simultaneously the average sulphur 
concentration in air was measured as well as 
sulphur brought down by precipitation. Water 
drained from the pots was collected and ana- 
lysed, and after 6 years the soils in the pots 
were analysed for sulphur. From these data 
he was able to make a balance computation 
for sulphur and thus compute the direct 
contribution from the atmosphere. The follow- 
ing data, all referring to yearly amounts in 
kg -ha-1, were obtained (see table 6.1). 

As the soil was bare dry deposition of par- 
ticulate sulphur can hardly have occurred by 
impingement and if it has occurred due to 
purely gravitational fallout it is certainly 
accounted for in the precipitation. We may 
therefore compute the vertical transport veloci- 
ties from the amounts delivered from the air 
and regard this as absorption by the soil of 
SO, from the air. These velocities are also 
entered in the table. We note that these 
velocities are not constant, they are highest 


for the highest air concentrations decreasing 
regularly with the air concentrations. This 
does not seem to confirm the assumptions 
made and it is quite possible that the rate 
of absorption by the soil is not so fast that 
the concentration at the soil particles sur- 
faces can be regarded as zero which is actu- 
ally the assumption: made for this computa- 
tion. However, the relation between con- 
centration and amount absorbed is not linear 
either, which it should be under such circum- 
stances. This indicates that there are processes 
in the soil that release sulphur in volatile form, 
which is not impossible. If the amounts released 
by presumably metabolical processes involving 
micro-organisms were added, a much higher 
transport velocity should be arrived at for 
lower air concentrations. It can be expected 
that such a release is a fairly constant quantity 
except under conditions where hardly anything 
is added. The first three set of data would give 
a practically constant velocity if air concentra- 
tions minus 25 were used in the computations. 
This means that under this assumption the 
transport velocity should beabout 1.5 cm - sec-1 
and that the rate of release should amount to 
about 110 kg - hat - year-1. This is more than 
delivered by precipitation. For those pots 
which obtained much less proportionally 
less should be released. 

This reasoning may seem highly hypothetical 
but more evidence favouring the hypothesis 
of a continuous process of sulphur turnover 
and release, presumably as H,S, in soil will 
be presented. 

Jowansson also made experiments with 
pots where the soil was planted with different 
kinds of vegetation trying in the same way 
to assess the amount of sulphur absorbed by 
the plants directly. This experiment was done 
at a place remote from the source of sulphur 
with a normal sulphur content of air. The 
experiments were further made with varying 
applications of phosphate and sulphur to the 
pots in order to study the effect of phosphorus 
on the uptake of sulphur. The experiment 
run for five years during which the pots were 
exposed to the atmosphere only in growing 
seasons (average 155 days per year). The 
results are of such general interest that they 
are reproduced nearly to full extent in table 6.2. 
As seen in the table a positive balance is 
obtained with small additions of sulphur to the 
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TABLE 6.2 
p [in part from JomAansson (1959)] 


Sulphur balance in a five year pot experiment. Amounts in g per pot for the whole period. Surface 
area of pot 31.4 cm’. Air concentration of sulphur 6 wg .m~* 


oo oo 


a Computed 
Original a un Balance lea] 
Phosphorus supply sulphur = = = from air transport 
supply precip. fertilizer or loss velocity: 
cm : sec 
without phosphorus .......... .29 .03 .00 +. .34 2.64 
29 .03 .20 + .2I 1.63 
2 .03 1.00 — .59 — 
.29 .03 5.00 — 2.54 — 
.29 .03 25.00 — 2.07 
normal phosphorus supply ..... .29 .03 .00 + .38 2.95 
.29 .03 .20 Ss eee: 3.42 
.29 .03 1.00 + .31 2.41 
.29 .03 5.00 — 1.45 — 
.29 .03 25.00 — 1.39 == 
very high phosphorus supply. .. .29 .03 .00 + 0.50 3.88 
.29 .03 P50 + 0.49 3.80 
.29 .03 I.00 + 0.26 2.02 
2 .03 5.00 — 1.36 == 
2 .03 25.00 — 0.85 = 


soil as fertilizer. This indicates absorption from 
the air of sulphur. The presence of negative 
values was attributed by Johansson by un- 
controlled leaching, i.e. loss of drainage water 
by overflow so that an amount of sulphur, not 
accountable for by leaching, caused the nega- 
tive values. It is indeed hard to see how this 
uncontrolled leaching can be influenced by 
the phosphorus application especially as the 
final sulphur in the soil is practically the same 
for the same application of sulphur, independ- 
ent upon phosphorus supply. It seems more 
likely to assume losses of sulphur as H,S from 
the pots, due to microbiological turnover of 
organic matter. The more plants can take up, 
due to a better phosphorus supply, the smaller 
can this loss from the soil be assumed to be 
because plants and micro-organisms are com- 
peting for the sulphur. This view point seems 
to be more in line with the results obtained. 
The vertical transport velocities are, as seen, 
high for those pots that have not received any 
extra sulphur in the soil and especially in the 
case a good phosphorus supply is present. It 
must be remarked, however, that the values 
obtained are not directly comparable to those 
applicable to field conditions because of a 
greater exposure of these plants to moving air 
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when grown in pots. The difference may not 
be great, however, and a quite likely figure is 
2 HCDMNSEC RS. 

The results thus show that a substantial 
absorption of sulphur in the air by plants can 
take place, expressable by use of a vertical 
transport velocity times the concentration in 
the air. But the results also indicate that a 
release of sulphur can take place from the soil, 
presumably through microbiological activity 
in which H,S, which is very volatile, is formed 
and escapes. Finally, the results indicate that 
there is a state in which an equal amount of 
sulphur is absorbed by plants and released 
from soil. This state of affairs is strongly 
indicated in Sweden when comparing the 
amounts of sulphur brought down by precipi- 
tation to the amounts in river run-off. Using 
Eriksson’s (1929) data on the composition of 
Swedish river water and Vıro’s (1953) on the 
composition of Finnish river water a map 
showing the distribution of run-off of sulphur 
can be constructed in the same way as done 
for chloride by Erıksson (1955a). Isolines can 
also be drawn, though with a substantial 
amount of smoothing, and from the map 
run-off of sulphur at the sampling stations for 
air and precipitation can be read off. Using 
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Fig. 6.5. Sulphur in precipitation over Scandinavia in 
kg-ha-1- year-!, Average for 1955 to 1957 (3 years). 


the average yearly sulphur in normal pre- 
cipitation for the period 1955—1957 (three 
years) shown in fig. 6.5 the ratio sulphur in 
precipitation to sulphur in river water can be 
computed and is shown in fig. 6.6. 

A remarkable feature in this figure is the 
area in the north of Sweden where run-off of 
sulphur is apparently lower than sulphur in 
precipitation and in the remaining area run-off 
sulphur rarely exceeds precipitation sulphur by 
a factor of two. The sulphur concentrations 
in the air in this area varies between 1.5 and 
8 ug-m*, and with a vertical transport 
velocity of 2 cm sec"! already the lowest 
concentration would give much more than in 
rainfall. It seems likely that all these features 
are due to the biological turnover of sulphur 
in soil in which H,S is involved, escaping 
largely into the atmosphere. It looks as if this 
turnover is such as to balance the absorbed 
SO, from the air by a release of H,S into the 
air. Leaching and run-off are mainly those 
parts which are balanced by precipitation. 


Fig. 6.6. Ratios sulphur in precipitation to sulphur in 
river run-off over Scandinavia. 


The question about the absorption rate of 
plants for atmospheric SO, is yet not solved 
satisfactorily. Probably use of radioactive 
sulphur can solve it properly. As to the vertical 
transport rates it looks as if 2 cm - sec~ is not 
an unreasonable figure for gaseous components 
over land. 


VII. Deposition of chloride and sulphur over 
the continents 


Though our knowledge on the chloride and 
sulphur in precipitation is rather incomplete, 
it is still possible to get some idea on the 
geographical distribution on the total deposi- 
tion. One can use the distribution of precipi- 
tated chloride in areas where it has been exten- 
sively studied and correlate the results with 
prevailing winds and topography to infer 
transports into regions where no data exist. 
The total deposition is, however, certainly 
greater than that carried down by precipitation 
and to estimate this one can use the “rule of 
the thumb” discussed in section VI, ice. 
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Fig. 7.1. Chloride in precip- 

itation over the USA inkg: 

-ha7?- year-1, Computed from 

rainfall data and data on the 

average concentration of chlo- 

ride in precipitation by JUNGE 
& WERBY (1958). 


multiplying the chloride in precipitation by a 
factor of three. This will apparently give a 
fair idea about the total deposition of this 
element. As to sulphur it seems likely from 
previous discussions that the net sulphur 
deposition is roughly that carried down by 
precipitation. 


t. Chloride. 


Two areas are up to the present fairly well 
investigated with respect to chloride in precipi- 
tation, namely the USA where JUNGE (cf. 
JunGE & WERBY 1958) made an admirable 
work in organizing a network of collecting 
stations and analysing the samples during a 
whole year, from July 1955 to June 1956, and 
in Western Europe where a similar network 
gradually developed through collaboration of 
a number of countries. The original network 
is described by EGNÉR & Eriksson (1955) but 
additions of stations have taken place con- 
tinuously. At the beginning of the International 
Geophysical Year a rather complete list of 
stations was published by FONSELIUS (1958). 

As to JUNGE’s network the sampling tech- 
nique diftered slightly from that of the West- 
European network insofar that the collecting 
funnels were kept closed during intervals 
with no precipitation. This may prevent 
bigger salt particles, formed in clouds by 
coalescence processes to fall into the funnels 
as they may in the West-European net. For 
that reason the concentrations of chloride, 
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published by Junge may be somewhat too 
low compared to concentration data in the 
European network. Nevertheless they can be 
used to estimate the minimum precipitated 
chloride. Rainfall data at JUNGE’S sampling 
stations were obtained from the monthly 
precipitation charts published by the US. 
Weather Bureau in the Monthly Weather 
Review. These rainfall data were then used 
to compute the yearly amounts of precipitated 
chloride in kg-ha-1 using JUNGES con- 
centration data. The result is shown in fig. 7.1. 

As to the general pattern it is interesting 
to note the transport of salt along the Missis- 
sippi Valley, a transport predicted earlier by 
ERIKSSON (1955 a) in his study on the run-off 
of chloride from the eastern half of the USA. 
Multiplying the data by three should give the 
minimum amounts of chloride deposited per 
year. If these data are compared with the 
run-off map in Eriksson’s paper it is found 
that the agreement is not too bad. In fact one 
should perhaps increase the precipitation 
chloride somewhat more to account for the 
“dry” precipitation of chloride taking place 
during dry intervals. 

Thus, in the northern central part of the 
USA, the Great Lakes region, a yearly deposi- 
tion of 5 kg - ha”! seems reasonable, increasing 
to about 10 in the central continental part. In 
the arid areas to the west a yearly deposition 
of 1—2 kg - ha’! seems reasonable. The high 
mountains in the west effectively impede the 
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transport of both moisture and salt into these 
areas. 

It should be noted that the isochlors are 
logarithmically spaced so that the decrease 
inland is exponential. The decrease in the 
west is fairly rapid due to the topography 
despite the prevailing westerlies in the north 
west part. On the east coast the decrease 
inland is also fairly rapid, perhaps not so 
much because of the Appalachians as of the 
prevailing winds. Continental heating in 
summer naturally causes onshore winds but 
they do not penetrate deeply in this part 
where prevailing winds are from west. As to 
the inflow along the Mississippi this is, of 
course, a rather typical monsoon effect. 

Actually, the distribution of deposited 
chloride discussed can most probably be 
expected also in parts of Asia. Thus knowing 
prevailing winds, quite good forecasts of the 
distribution of deposited chloride can be made. 

For Western Europe the present network 
makes it possible to construct a similar map 
for the year 1958. This map is shown in fig. 
7.2, and has many interesting features. Again 
the isochlors are logarithmically spaced and 


Fig. 7.2. Chloride in precipita- 
tion over Europe for 1958 in 
ke Shan! “tyearns: 


we notice the steep gradient along the Nor- 
wegian coast in strong contrast to the gentle 
gradient further south. South of the Baltic 
Sea data are regrettably missing. It can be 
inferred from older data cited by Eriksson 
(1952) that in the interior of Russia south of 
Moscow about 8 kg ha! year is found in 
precipitation. From this it seems likely that 
also the central eastern Europe is fairly uniform 
with respect to deposited chloride. Recently 
Durov & FEDEROVA (1955) averaged 190 anal- 
yses from 41 samples collected over the 
whole of Russia (the European part) and 
found about 25 kg - ha! - year. However, half 
of the sampling stations were situated along 
shores and mountains at the Black Sea, the 
Azov Sea, the Arctic Ocean and the Sea of 
Okhotsk. This may have contributed pro- 
portionally too much to the average as the 
decrease from source regions is exponential. 
In the southern part in Kharkov, DENIsov & 
BUGAEv (1955) found about 28 kg : ha-1 - year-1 
in precipitation which, considering the presence 
of the Black Sea and the low lying area to the 
north is not excessively high. 

Recent studies in Czecho-Slovakia by 
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Macxu, Popzimex & SRAMIK (1959) show 
rather high chloride concentrations concordant 
with appreciable yearly amounts precipitated. 
It is apparent that the low region south of 
Norway (Denmark, South of Sweden, the 
Netherlands and North Germany) allows a 
considerable salt transport into the continent 
enhanced by the strong westerly winds 
frequently sweeping through this opening in 
the continent. 

As to Asia data are extremely scanty. 
Considering India only one place, Bombay, 
seems to be represented. India is, however, 
strongly influenced by a monsoonal flow of 
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Fig. 7.3. Chloride in precipitation over parts of Australia 
in: koihaz! -‚yeara!. 


moisture and salt laden maritime air under a 
considerable period of the year. 
Considering the monsoonal transport into 
the USA it is likely that India receives ample 
amounts of chloride, more in the south where 
the monsoon current is more persistent and 
with a maximum on the west coast which faces 
the monsoon current. Some salt is, of course, 
also transported from the east on occasions. 
From the rest of Asia there is one investiga- 
tion from Frunze in Tien-Shan, south of the 
Lake Balkash in the north of Kirgizia by 
Denisov (1956). The amount of chloride 
precipitated is rather high, 16 kg - ha“! - year, 
mostly from snow. The place is not situated 
very high and it is possible that salts are carried 
from the Caspian Sea and the more saline 
Aral Sea across the low lying region to this 
place. In the south east a summer monsoonal 
air flow from the Pacific may have the same 
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influence as the monsoon flow into the USA. 
River water analyses from Manchuria resemble 
Finnish river waters much hence $—10 
kg ha“! year in total deposition is a likely 
figure for this part. 

In Australia some information on precipi- 
tated chloride is available. From older data 
cited by ERIKSSON (1952) a rainfall map over 
Australia and recent data by Hurron and 
Less (1958) for Victoria and by Hincston 
(1958) for West Australia a map can be con- 
structed showing yearly amounts of chloride 
in precipitation. This is shown in fig. 7.3. 
Again the coastal gradient is much less pro- 


Fig. 7.4. Chloride in precipitation over South Africa in 
keiahasie yearz!. 


nounced in the western, low lying region, 
than in Victoria where a coastal water divide 
causes a steep gradient. Behind this water shed 
about 5 kg - ha-1 - year”! is precipitated, so the 
total deposition is probably three times as 
high. 

From Africa only a few data are available. 
Some of these have been reviewed earlier 
(ErIKSSON 1952) but at four places sampling 
and analyses started recently. Three of these 
are situated in Belgian Congo? and the fourth 
in Pretoria?. Older data are available from 
Bloemfontein, Durban and Grahamstown. The 
data in kg - ha! - year~! are plotted on the 
map in fig. 7.4. As to Belgian Congo influx 


1 Samples analysed by Dr. J. Bouquiaux, Institut de 
Chimie et de Physique, Brussels and reported to WMO 
Data Centre for the I.G.Y. 

2 I am indebted to Dr. J. F. Nacer of the Weather 
Bureau, Pretoria for these data. 
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of moist air takes place mainly in the Gulf of 
Guinea but inland it is deflected south at least 
during the southern hemisphere summer. This 
is reflected in the data where the places in 
the center of the continent receive more than 
the western place, which is close to Leopold- 
ville. 

The two inland stations in the south receive 
their moisture and salt from the Indian Ocean. 

The uniformity of the inland values is 
remarkable and suggests that over large parts 
of the humid parts of Africa about 10—15 
kg -ha-1- year! of chloride is deposited. In 
the south west where arid regions dominate, 
from the Orange River up to the Congo River 
the yearly deposition is certainly much smaller, 
except on the coast where fog, due to upwelling 
sea water, carries appreciable amounts of salt 
across the shore. From investigations by Boss 
(1941) the yearly deposition at the coast may 
be as high as 8okg - ha~! and about half as much 
50 km inland. 

In North Africa deposition of chloride must 
be much less because of the aridity of large 
areas. Along the coast line of the Mediterranean 
and the Atlantic normal coastal values can be 
expected. In Tel-Aviv MENCHIKOWSKY (1924) 
found 131 kg -ha-t.year-1 and 1/, of this 
amount further inland. 

In South America no investigations have 
ever been done. Large parts in the north are, 
however, influenced by easterly winds that 
carry water vapour over the Amazon area. 
Part of this air is deflected southwards carrying 
moisture into Argentine. This air flow can be 
pictured as a broad monsoon flow which, of 
course, can penetrate deep into the low lying 
continent and can be expected to carry and 
deposit appreciable amounts of chloride in the 
area. 

In the south the coastal mountains to the 
west effectively block the moisture transport 
with the westerlies. Some moisture is, however, 
transported in from the east but on the whole 
this part of the country is arid with frequent 
recent salt accumulations which most probably 
are air borne in origin. 

In section IV the cyclic chloride estimated 
from the run-off of chloride in river waters 
was about 100 million tons. This docs not 
include coastal deposited chlorides as sampling 
was seldom done so close to seas. The main 
part of human pollution chloride is disposed 


into rivers close to the sea so a value of 90 
million tons per year of cyclic chloride seems 
more likely than the 76 million tons arrived 
at earlier. With an estimated deposition over 
humid and arctic areas, 12and 5kg - ha”! - year“! 
respectively the total deposition over draine 
land areas should be close to 100 million tons, 
thus close to the estimated run-off. With the 
present knowledge of the composition of 
precipitation and river water one cannot 
expect better agreement. 

Within the continental land masses it is 
possible that smaller circulations of salts be- 
tween inland lakes and seas and the surround- 
ings take place. BROECKER & WALTON (1958) 
have recently pointed out that a complete salt 
balance for such a water mass must take into 
account loss of salt by spray which may 
become a very important item in saline lakes. 
Similar ideas, though without this specific 
mechanism have been advanced by HUTTON 
(1958) and Bonoyron (1956) in Australia 
from considerations on the balance of salts in 
lakes without apparent run-off. Such condi- 
tions cause, of course, a greater deposition of 
salt than anticipated if the salt originated from 
the open seas. The high yearly precipitation 
of chloride in Tien-Shan south of the Lake 
Balkash, mentioned earlier, may be due to 
such a intracontinental circulation of salts, the 
Caspian and Aral Sea being generating areas. 
The salinity in these waters is lower than in 
the sea, about 10 per mille but conditions for 
the evaporation of large droplets are extremely 
good in this dry climate. It is quite conceivable 
that these salts in winter are transported east- 
ward and precipitated on the higher parts. This 
has probably led to a considerable accumula- 
tion of salts in the region east of these lakes. 
It may be interesting to discuss the chloride 
balance of the Caspian Sea. It receives water 
by river Volga from an area approximately 
three times the size of the sea. Assuming an 
average depth of soo m and a chloride con- 
centration of 0.5 g-l-1 (cf. CLARKE 1924 p. 
169) it contains 250.000 kg - ha-1 of chloride. 
Thus, the whole catchment area must have 
received at least four times less, i.e. about 
60,000 kg - ha“! during the last 20,000 years, 
the approximate length of time since the 
Caspian Sea was a fresh water lake draining 
to the sea. The average deposition thus be- 
comes 3 kg - hat year-1, a minimum figure. 
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Fig. 7.5. Excess sulphur in pre- 

cipitation over the USA in 

kg - ha-1- year—!. As to origin 
of data cf he. 7.2: 


Considering the conditions in this part of 
Russia a yearly deposition of at least three 
times this figure is more likely, the main part 
of the salt being delivered by the Black Sea. 
This leaves quite a good space for losses of 
salt, presumably through spray to the atmos- 
phere, precipitated to the east of this area. 

This loss of salt to the atmosphere can be 
estimated in another way. Taking the rate 
of production of bubbles to be the same as 
over the open sea this is roughly ten times 
greater than the transport into continents, thus 
amounting to about 30 kg : ha-1 : year-! of 
chloride. Due to lower salinity a third of this 
can be expected over the Caspian Sea of 
which quite a large part could be carried ashore 
in the air. 

Looking at it from another angle the Black 
Sea produces the salts that are precipitated in 
the catchment area of the Caspian Sea which 
after receiving them releases them again so 
that they are carried by the air further east. 


2. Sulphur 

As to sulphur the Scandinavian data indicates 
that roughly the same amount is drained of the 
land as is received in precipitation. Further, the 
sulphur in precipitation originates only to a 
smaller extent from sea salt particles. In the 
discussion on the yearly circulation a “residual” 
sulphur was computed amounting to about 
40 million tons per year. This was supposed 
to originate from the sea released in gaseous 
form. In order to compare this amount with 
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the “excess” sulphur in precipitation—the 
excess being the part left after subtraction of 
sea salt particle sulphur—available data over 
the sulphur in precipitation will be reviewed. 
As to continents where very little information 
exists inferences about the sulphur deposition 
will be drawn in the same way as for 
chloride. 

From Junge’s data on the sulphur con- 
centration in the precipitation over the USA 
a map of the yearly amounts of excess sulphur 
has been prepared in the same way as for 
chloride. This map is shown in fig. 7.5 where 
isolines have been drawn. The pattern is rather 
striking. Firstly one notices the maximum in 
the north-east situated in the most populous 
and industrialized area. This area also in- 
fluences the surrounding states quite clearly, 
especially in the downwind direction. Another 
feature is a weak coastal gradient which is 
indicative for the origin of the excess sulphur. 
Junce & Wersy (l.c.) concluded from their 
map on the concentration of sulphate in the 
precipitation that the sulphur originated in 
the soil but this is hardly borne out by fig. 7.5. 
The concentration is not a good indicator 
because it is strongly dependent upon the 
amount of water vapour present in the air, 
subject to condensation. 

From the map one can conclude that in 
more humid areas about 4 kg - ha-1 - year“! of 
sulphur is precipitated while in arid and desert 
regions the yearly precipitation varies from 
itotsthg shar) «wear 
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The figure for the humid but unpolluted 
places agrees well with those reviewed by 
ERIKSSON (1952). Investigations in Alabama 
gave yearly rates of addition varying from 
3.2 to 6.8 kg - ha-! except in the town Birming- 
ham where the amount rose to 34.2 kg - ha-t: 
- year-!. Oklahoma showed values from 6.5 to 
10.8 kg - ha-1 - year-! while Texas ranged from 
4.6 to 17.4, but were mostly around 11 
kg : ha-1 - year=!. These were results of several 
years of investigation of total sulphur. They 
seem to fit quite well into the pattern in fig. 
7.5. These states are practically free from 
industrial pollution of sulphur as can be seen 
from a series of 16 years in Stillwater, Okla- 
homa, compared to a 8 year series from Ithaca, 
New York (cf. Eriksson l.c. p. 283). 

The network in Western Europe gives 
quite a good picture of the excess sulphur in 
precipitation for 1958 shown in fig. 7.6. 
Most striking is the large excess in the south 
west of Ireland and England. An addition 
occurs, of course, over England from the 
industrial centers but they alone could hardly 
affect the North Sea stations on the Shetland 
Isles and Lista in Norway. It looks from the 


Fig. 7.6. Excess sulphur in pre- 
cipitation over Europe in 1958 
in kg» ha=l year! 


map as if the whole North Sea was a source 
region for this sulphur and that it is very hard 
to distinguish the industrial source from the 
marine source. A southern border to these 
high figures is found in the south where the 
French stations give much lower values. The 
high values persist in practically the whole 
north west continental part of Europe but 
decrease rapidly northward in Scandinavia. 

Some data from Erıksson’s review may be 
interesting to cite for comparison. In England 
the station Rothamsted (just north of London) 
gave 7.9 kg : ha-!: year-! as an average for 
1881/82 to 1886/87 or about 7 kg : ha-1 - year-t 
as excess sulphur while the figure for 1958 is 
11.4 kg: ha”! year-!. The increase may be 
attributed to industrial pollution but even so 
the pre-industrial figure is appreciable. Another 
interesting comparison can be made near Leeds. 
In 1907/08 the excess sulphur in Garforth just 
outside Leeds was 9.2 kg : ha”! - year-! while 
in. 1958. it; was. 12.7-kow bathe vearzl [tats 
unfortunate that no more comparisons can be 
done in Europe. 

Some old and new data from Russia are of 
interest. Older values (1909/10) in rural areas of 
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Russia range from 2.0 to 3.6 kg : ha-1 : year-1 
excess sulphur while urban areas like Leningrad 
were high. Durov & FEDOROVA (1955) found 
as an average of 190 analyses from 41 different 
places in Russia 2.8 mg :1-1 excess sulphur 
(computed by using Cl as reference for correc- 
tion) which with an average rainfall of around 
500 mm gives 14 kg: ha-?- year-!. Again, 
this may be due to the fact that a number of 
stations were situated along the Black Sea in 
the south. Dentsov & BUGAEvV (1955) found 
in the northeastern part of the Ukraine about 
26 kg: ha”! year of “excess” sulphur as an 
average for three years. This is fairly close to 
the Black Sea which no doubt is an important 
source for sulphur in the atmosphere, consider- 
ing the peculiar hydrogen sulphide content of 
its deeper water. The older data are all from 
the central part of Russia. 

The data from Europe may thus seem con- 
fusing but can be summarized as follows. 
There is a definite latitudinal variation showing 
up in the Scandinavian and the older Russian 
data. The yearly deposition of excess sulphur 
by precipitation in this northerly zone is 
around 3 kg - ha-?- year-!. Further south it is 
appreciably higher, about ro kg : ha”! - year-1 
or more but seems to decrease again further 
south, judging from the French values and the 
Yugoslavian station in Zagreb. It is possible 
that the Mediterranean region receives about 
6 kg - ha-1 - year? of excess sulphur of which 
none is industrial. In Russia high values around 
the Black Sea are conceivable. 

Of other available data from other parts of 
the world one from New Zealand (cf. ERIKSSON 
1952) shows 3.7 kg - ha-l- year”! as excess 
sulphur. Recent data from South Africa are of 
great significance also for the southern hemis- 
phere. In the central part, i.e. eastern Belgian 
Congo the deposition in 1958 at two stations 
was 4.7 and 7.5 kg - ha-1 - year} with a lower 
figure, 2.6, for Leopoldville in the west and 
somewhat drier part. In Pretoria in the south 
the precipitation brought down 7.0 kg ha! 
'yeare 

Some determinations of sulphur in precipita- 
tion were also made in Australia though the 
accuracy of the method used does not seem 
to be very high. The low data reported by 
Hurron and Leste (1958) at three coastal 
stations do not give any excess sulphur from 
the sea, and they conclude that the total 
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precipitated sulphur in Victoria is less than 2 
Ibs/acre (~ 2 kg - hat). Hıncston (1958), 
however, has some more data on the concen- 
tration of sulphate in precipitation in Western 
Australia. Using his data one computes excess 
sulphur varying between 1.3 and 6.9 kg : ha-1. 
- year” 1, the highest values again found at the 
coast in Perth. Thus it looks as if also here there 
is a definite excess precipitated amounting to 
about 2 kg ha! year-!. This is interesting 
in view of ANDERSON’s (1945) data on the 
composition of coastal river and lake waters 
where always a deficit of sulphur, relative to 
chloride in sea water, is found. This deficit is, 
however, always accompanied by a deficit in 
calcium and sometimes magnesium and an 
alkaline reaction indicating a far reaching 
reduction of the sulphate brought down by 
precipitation followed by an increase in pH 
and consequently a precipitation of calcium 
and magnesium carbonates. 

Comparing all these data on the yearly 
precipitation of excess sulphur one gets the 
impression that the southern hemisphere is 
somewhat poorer in excess sulphur than the 
northern hemisphere. The higher values for 
the northern hemisphere are probably due to a 
much more active industrial pollution or, in 
other words, combustion of fossil fuels. 
However, accepting Conway’s (1942b) hy- 
pothesis about the origin of the excess sulphur 
the northern hemisphere has also by far the 
largest shelf areas. The excess sulphur has 
quite a long residence time in the atmosphere 
if it has to pass through the SO, stage which 
is strongly indicated as discussed earlier. It is 
quite obvious that more information on the 
concentration of SO, in the atmosphere on a 
global scale is needed and could possibly 
become of great meteorological importance. 

Concluding this survey it seems as if con- 
tinental humid areas receive at least 4 kg - ha - 
- year”! of sulphur which cannot be accounted 
for by either combustion of coal or sea salt 
production. Drier areas receive less, maybe 
around 2 kg -ha-1-year-!. These amounts 
are, however, large enough to account for the 
“residual” sulphur in river run-off, discussed 
in section IV. 

Returning for a moment to the pattern in 
fig. 7.6 on the distribution of excess sulphur in 
Europe, conditions around the British Isles 
deserve further attention. In 1958 a few more 
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Okt. 1958 


Fig. 7.7. Excess sulphur in precipitation over the British 
Isles for Oct. 1958 in mg: m°?. 
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Nov. 1958 


Fig. 7.8. Same as fig. 7.7 for Nov. 1958. 


stations were added in Ireland providing very 
interesting information on the excess sulphur. 
Four months have been selected and data on 
excess sulphur over the British Isles plotted in 
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Dec. 1958 
Fig. 7.9. Same as fig. 7.7 for Dec. 1958. 
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Jan 1959 


Fig. 7.10. Same as fig. 7.7 for Jan. 1950. 


figures 7.7, 7.8, 7.9 and 7.10. Studying these 
figures one gets the impression that a large 
part of the excess sulphur originates in the sea 
around Ireland, especially in the southeast. 
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Fig. 7.11. The circulation of sulphur in nature with 

estimated fluxes. Leaning figures are amounts present in 

the reservoirs, erect figures are yearly fluxes, all in 10 
tons units. 


A closer study of the influence of monthly 
circulation on the pattern of deposition of 
sulphur over the British Isles should, however, 
no doubt give interesting information. 


3. Yearly circulation of sulphur in nature 


It may seem premature to present a picture 
of the yearly circulation of sulphur in nature 
on a quantitative basis but the subject is of 
such great concern that even a tentative quanti- 
tative effort seems justified. The result is seen 
in fig. 7.11 in a box-model arrangement of the 
type discussed in section II. The figures require 
some comments. All figures are in million tons 
units, erect types representing yearly amounts 
transported while leaning types are amounts 
stored in each box. The amounts stored in 
plants and circulating through plants have 
been estimated in the following way. The 
yearly assimilation of carbon dioxide by plants 
has recently been discussed by HUTCHINSON 
(1959) and his data have been used by and 
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large. The land plants assimilate a yearly net 
amount of 77.10° tons per year of CO, while 
the corresponding figure for marine plants is 
130 10° tons. With an average life time of 
between 15 and 16 years for land plants the 
amount stored is 1,200 - 10° tons CO,. Marine 
plants have a rapid turnover, probably 10 
times a year, hence their storage is around 
12-10° tons CO,. The sulphur content of 
land plants has been investigated to some 
extent. JOHANSSON (l.c.) found 1.4 mg S per g 
dry matter in grass. THomas et al. (1950) in- 
vestigated leaves from various trees, bushes 
and shrubs. From all these investigations the 
sulphur content seems to be around 1 mg per 
g CO, in organic matter, at least for assimilat- 
ing parts. Thus we can use a yearly sulphur 
turnover in land plants of 77 million tons. As 
to the storage, cellulose must contain less than 
leaves, so in computing this a sulphur content 
of 0.5 mg per g CO, in organic matter has 
been used. 

As to marine plants a S/C ratio of 0.0075 
has been used computed from data by Sver- 
DRUP et al. (1942 p. 230) assuming about equal 
proportions of carbohydrates, lipides and 
proteins in the organic matter of marine plants. 
This corresponds to 2 mg sulphur per g CO, in 
organic matter, a figure which is not unreason- 
ably high considering that marine plants in 
general lack structural tissues like the cellulose 
of land plants. This figure gives the yearly 
turnover of 260 million tons. 

It was found above that sulphur in river 
water was practically accounted for by sulphur 
in rainwater. This means that the sulphur 
assimilated by plants must be given back to 
the atmosphere by the soil on decay. The 
precipitated sulphur is therefore the residual 
sulphur discussed in section IV increased by 
13 allowing for a greater amount of com- 
bustion (% of 39 million tons); of these 57 
million tons 4 are generated from the sea 
together with chloride. As the total production 
of sea salts over the sea was estimated to about 
10 times that of continental run-off a total pro- 
duction of 44 million tons in spray over the 
sea must result of which 40 is precipitated over 
ocean areas. Precipitated over sea will be 2 
(s7—4) + 40 = 146 million tons. 

A turbulent transfer of SO, which has a 
relatively long half-life of 2—3 weeks must 
take place over the sea to the sea surface which 
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readily absorbs SO, at a pH of 8. This trans- 
port has been estimated as follows. 

Junce’s averages of SO,—S in the air at 
Florida and Hawaii are 1.0 and 0.37 pg m? 
respectively (table 5.1) and their average 
0.7 ug-:m#. Using a vertical transport 
velocity of 0.9 cm-sec-l as computed in 
section II from the rate of evaporation in 
trade wind regions gives a total vertical trans- 
port of 70 million tons: year-!. The same 
average SO,—S applied over land to account 
for the 77 million tons - year-! absorbed by 
plants require a vertical transport velocity of 
2.2 cm : sec~ which is in no way unreasonable 
considering the greater turbulence over land. 

In the circulation diagram the rate of 
weathering, 14 million tons, plus the human 
production of non-volatile sulphur of 11 
million tons are also entered. If 14 million 
tons - year! are weathered an equal amount 
must be deposited in the sea sediments. There 
must further be an increase of so million 
tons : year! in the sea due to released sulphur 
in combustion 39 million tons : year-! and the 
human production, 11 million tons - year-1. 
With this information the amounts going into 
and out of the sea can be balanced resulting in 
a balance of 190 million tons - year“! which has 
to go into the atmosphere presumably as 
hydrogen sulphide. Incidentally, this is not 
much less than the rate of biologic turnover in 
the sea though the correspondence may be 
fortuitous. It looks as if the biological cycle of 
sulphur in soil and in the sea should have the 
same pattern except for the uptake. 

It has been found recently that the S??/S34 
ratio in precipitation is extremely constant 
(OSTLUND 1959) compared to the same ratio 
in other materials like sulphide minerals 
(cf. RANKAMA 1956) and is definitely higher 
than the ratio in sea water sulphate which is 
also very constant. If the sea is so dominating 
in the yearly circulation of sulphur as fig. 7.11 
indicates this constancy is well understood. 
It must, however, be pointed out that the 
figures listed in the figure are highly tentative. 


VIII. The proportions of sea salt compo- 
nents in precipitation 


In the last section various likely processes for 
the separation of chloride in sea salt particles 
were discussed. Experimentally it is also found 


TABLE 8.1 


Cl/Na ratios in various precipitation collected 
in Japan (From MIYAKE 1949) 


Type of Altitude Na 4 Cl/Na | 

precipitation | in metres | mg : I! 

Mountain fog 1,930 5.9 3-25 
Sea 108. x... I,200 3.8 1.18 
IRGC ee 3,780 0.48 1.08 
Rime 2. 1,200: Pos 1.36 
Rain water... — 0.70 2.06 
Sea water.... 1.80 


that chloride occurs in gaseous form in the 
atmosphere, presumably as HCl. No mention, 
however, was made about possible separation 
processes already at the sea surface which may 
take place. In the present section the Cl/Na 
ratio in precipitation will be discussed further 
as well as the general ionic balance in precipita- 
tion in oceanic and coastal areas. 


1. The Cl/Na ratio in precipitation 


In Mryaxke’s paper from 1949 a detailed 
chemical investigation was made of fog and 
precipitation collected in Japan at different 
altitudes. The Cl/Na ratios found by them for 
different types of precipitation are quite inter- 
esting and are shown in table 8.1. It is in- 
teresting to note the large excess of chloride 
found in what he calls mountain fog and the 
depletion in sea fog. Already this suggests that 
the sea fog has been enriched by sodium due 
to previous escape of gaseous chloride. The 
excess chloride is then found at higher altitudes. 

RossBy & EGNÉR (1955) discussed Cl/Na 
ratios in Swedish precipitation and showed 
that their distribution was a function of the 
prevailing circulation. With prevailing westerly 
winds the Cl/Na ratios were always lower 
than 1.80, the ratio in sea water, and around 
1.2—1.5 at the Swedish westcoast, decreasing 
regularly inland and to the north. Extremely 
low Cl/Na ratios were found during months 
with winds from the north whereas very high 
ratios were obtained during months with 
southerly flow, at least in the southern part of 
Sweden. Based upon these results they made a 
schematical diagram showing the variation 
in Cl/Na ratios inland. At the coast separation 
of chloride has taken place, hence coastal ratios 
are always below the sea water value and they 
decrease further inland until the separated 
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Fig. 8.1. Excess sodium in pre- 
cipitation over Europe in 1958. 
Values in ke-ha—!- year, 


chloride is being precipitated when the Cl/Na 
ratio rizes above the sea water value. Further 
inland additions of sodium from soils decrease 
the ratio far below the sea water value. In 
light of the previous discussion on the mech- 
anism of separation this can be expected to 
occur in Europe where a considerable sulphur 
source exists at the western border. A fairly 
good picture of the conditions in Western 
Europe can be constructed from the 1958 
data from the present chemical network 
which covers also inland areas fairly well. In- 
stead of using Cl/Na ratios the effect of the 
separation of chloride is shown as excess sodium 
in precipitation by subtracting the “oceanic” 
part using chloride. One reason for chosing 
this procedure is the fact that chloride, at 
least, is of marine origin, though the meaning 
of a negative excess of sodium is obscure and 
should be taken as indicating an excess of 
chloride. 

Fig. 8.1 shows the “excess” sodium at the 
West European stations. Generally it can be 
said that the prediction made by Rossby and 
Egnér about the variation in the Cl/Na ratio 
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inland is substantiated in the figure. The 
geographical pattern is, however, puzzling and 
should be studied more in detail on monthly 
maps much in the same way Rosspy & EGNER 
did. 

Of special interest is the large excess of 
sodium found at the coast. This, of course, 
excludes the possibility that the sodium is of 
land origin. As a matter of fact the map does 
not give any support to JUNGES (JUNGE & 
WERBY 1958) view that the excess Na is of 
land origin. OppıE (1959) has recently dis- 
cussed this excess of sodium at Lerwick on the 
Shetland Isles and concluded that it is im- 
possible for these large excesses to originate in 
remote land areas which themselves show much 
less excess sodium in precipitation. A similar 
map over the USA constructed from data on 
concentrations of sodium and chloride in 
precipitation published by Junge & WeERBY 
(1958) and on precipitation data for the same 
period from Monthly Weather Review is 
shown in fig. 8.2. Again it is seen that the 
largest excesses of sodium occur at the coasts. 
No negative values are, however, observed 
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probably because there is no prominent 
coastal source of sulphur on the North Ameri- 
can continent like in Europe. 

Looking globally at this separation process 
we might inquire whether the separation of 
chloride from sea salt particles which takes 
place mainly over the sea has any effect on the 
average Cl/Na ratio over continents. When 
a separation occurs over the sea there are two 
processes that remove the chloride, namely 
fallout of sea salt particles and gaseous diffusion 
through the laminar boundary layer while 
only fallout removes sodium. This applies 
to dry fallout. For removal by precipitation 
the removal rate may be taken as proportional 
to the total concentration of sodium and 
chloride in the air so no differentiation in the 
transport of these two can be expected to take 
place in this case. But the dry removal favours 
the chloride, and on a steady state basis this 
will lead to a lower Cl/Na ratio of the sea salt 
components in the air than in sea water. The 
air that passes into continents is consequently 
enriched in sodium. In Western Europe there 
seems to be a large source of sulphur, partly 
industrial which causes a large separation of 
chloride from sea salt particles. A stationary 
state like that over the open sea can, however, 
never be established with the result that the pro- 
portions of chloride and sodium in the in- 
vading air are about the same as in sea water. 
When the main mass of sea salt particles is 
removed near the coasts an excess chloride is 


Fig. 8.2. Excess sodium in pre- 

cipitation over the USA in 

kg ha”! year+. As to origin 
of data, chy ites 7-5. 


left which is precipitated further inland giving 
the negative excesses of sodium found in 
fig: Sa 


2. Possible separation processes at the sea surface 


This is a question which has been investigated 
to some extent earlier. KOHLER & BATH (1953) 
made spray from sea water collected and ana- 
lyzed it for sea salt components. The deviations 
from sea water composition were, however, 
very small and probably fall within the experi- 
mental error. The conditions under which the 
experiment was conducted was, however, 
remote from reality. Sea water always contains 
organic material and part of it have such 
composition as to form surface films which, 
when exceedingly thick can be noticed on the 
sea surface as so-called slicks. It can be expected 
that such surface films can modify the compo- 
sition of the generated spray. Now KIENTZLER 
et al. (1954) noticed in their experiments on 
bursting bubbles that a most effective way of 
clearing a surface from an organic film was 
to flush the water by air i.e. by bubbling air 
through it. Consequently one can expect that 
a good deal of organic matter is removed from 
the sea by bursting bubbles. And as the bio- 
logical processes are steadily going on new 
material will steadily be formed supplying 
surface films. In a small, confined volume as 
in the experiments of KOHLER and BÂTH, this 
renewal of surface films can hardly have time 
to take place. 
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TABLE 8.2 


Ionic balance in the yearly precipitation at some coastal stations in 1958 


eee Ee 


Yearly amounts in gramequivalents - ha! 


sum sum 


Station en ST Say ee ag TE OO | get ae cations— 
Cl | S | NO, | H,N | Na | K | Mg | Ca Janions | cations} 2110ns 

Lista (Li) Norway..| 3,465 959| 247 2570 es 00S: |, 112 980 | 515 ‚671 ‚982 II 
Rjupnahed (Rj) Ice- tn \ | 

land. eme 2,107 219 27 32 | 1,805 58 47921022562; 2,596 2 
Lerwick (Lw) Shet- ; er + ae 

ande RE 8,395 | 1,459 77 121 | 7,920| 187 | 2,080 | 451 | 9,931 | 10,759 828 
Den Heldern (DH) : ae 

Netherlands..... 5,700 | 1,174] 298 172 | 5,.422| 128 |1,717 | 525 | 7,172| 7,864 692 
Camborne (Ca) Eng- 

land SR RCE 4,190 576 98 267 | 3,590 137 952 | 309 | 4,864] 4,255 609 


A surface film like that on the sea surface has 
properties which will favour a separation of 
cations in sea water. They behave like ion 
exchangers because of acid groups that dis- 
sociate hydrogen ions which are replaced by 
cations, and they repell anions. As to cations 
those which have a double charge like magne- 
sium and calcium have a greater affinity for 
such a “charged” surface than single charged 
cations like sodium and potassium. The 
composition of sea water close to the film 
must therefore differ appreciably from that of 
sea water. A general enrichment of cations 
can be expected and especially of divalent 
cations. 

It was noted earlier (see Morpy 1957) that 
precipitation in coastal regions had a large 
excess of inorganic cations compared to in- 
organic anions on an equivalent basis. Also in 
Hawaiian rains the same seems to be true 
(ERIKSSON 1957). This can be exemplified by 
using 1958 year data from selected coastal 
stations. In table 8.2 the stations Lista (Li) in 
Norway, Den Heldern (DH) in the Nether- 
lands, Lerwick (Lw) on the Shetland Isles, 
Camrose (Ca) in southwest England, and 
Rjupnahed (Rj) on the western shore of Ice- 
land have been selected. The yearly amount 
has been calculated as gramequivalents 
(amount/equivalent weight) neglecting the 
pH which is on the acid side anyway. The sum 
of equivalents of cations and of anions is 
also shown as well as the differences between 
these sums. It is interesting to note that there 
is always an excess of cations amounting to 
about ro per cent of the sodium. If hydrogen 
ions were included the difference would be 
greater. This excess must consequently be 
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balanced by organic anions as there are no 
other inorganic anions which can be considered. 
It is known that precipitation contains appre- 
ciable amounts of organic matter the composi- 
tion of which has been reported by NEUMANN 
et al. (1959). The organic matter seems to be 
wide-spread and uniform in composition so 
that it is quite possible that a substantial part 
of it comes from the sea carried into the air 
from surface films by bursting bubbles. 

The results in table 8.2 indicate that the sea 
salt particles, already when generated, have 
a composition differing from sea water and 
that there is already an excess of cations e.g. 
of sodium. This makes the present computa- 
tion of excess sodium based on chloride more 
understandable in a way but requires some 
caution in interpreting the excesses of the 
other cations. 

Such computations are still interesting. Even 
if the chloride in sea salt particles is non- 
conservative one may use it for the purpose of 
calculating excesses of potassium, magnesium 
and calcium. If the sea were a source of this 
excess it would show up around the coast. In 
fig. 8.3 the 1958 excess of potassium in Western 
Europe is shown, and in fig. 8.4 the corre- 
sponding map over the USA, while the map 
over excess magnesium in Western Europe is 
shown in fig. 8.5. As to potassium the USA 
map shows indications of higher coastal values 
while in Europe they are more irregular. As 
to magnesium there are large excesses at the 
coastal stations in the North Sea area. If sodium 
had been used as a reference for computing 
the excess Mg, these stations would still give 
the largest excesses of magnesium. As to 
calcium shown in figs. 8.6 and 8.7 coastal 
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09 Fig. 8.3. Excess potassium ın 
\ a We = precipitation over Europe in 
1958. Values in kg + ha+- 

he + year” 1. 


Fig. 8.4. Excess potassium in 

precipitation over the USA in 

kg + ha~1- year-!. As to origin 
Ofadata CE NE 7 At. 


values are as a rule smaller than continental strong indications that at least some of the 
values. In the USA a maximum is found over excess potassium and magnesium in precipita- 
the most prominent agricultural areas, and tion originates from the sea. The same ma 


the same is true also for Europe. be true for calcium too but it is well masked 
As a conclusion it can be said that there are by the influence of land. 
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Fig. 8.5. Excess magnesium in 

precipitation over Europe in 

1958. Values in kg + ha’! 
Syearı-. 


Fig. 8.6. Excess calcium in pre- 
cipitation over Europe in 1958. 
Values in kg ha”! - year7?. 
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IX. On chemical hydrology 


Air borne salts deposited in continental 
areas are found in the ground, in streams, 
rivers and lakes, where it mingles with weather- 
ing products. During the time between addi- 
tion to soils and run-off to sea changes in the 
chemical composition can occur by various 
processes. Evaporation of plants increases the 
concentration of ions drained off, and reduc- 
tion of sulphate and escape of hydrogen 
sulphide might cause important changes in 
groundwater and lake water pH, in extreme 
cases leading to the precipitation of calcium 
and magnesium carbonates. It may be of 
interest to discuss these processes in the light 
of experimental evidence on ground and lake 
water composition and on the composition 
of atmospheric precipitation and the chemical 
behaviour of certain elements. 


ERIK ERIKSSON 


Fig. 8.7. Excess calcium in pre- 

cipitation over the USA in 

kg : ha’! year—1. As to origin 
of data cf. fig. 7.1. 


1. Evaporation and chloride concentration. 


ANDERSON (1945) made an interesting study 
in Victoria, Australia, of the relation between 
air borne salts and the composition of river 
and lake waters on both sides of the coastal 
water divide. Chosing chloride as an indicator 
he was able to predict the chloride concentra- 
tions of river water from the concentrations of 
chloride in precipitation and from the ratio of 
run-off to precipitation. The results he obtained 
are of great interest in the present discussion 
and are shown in table 9.1. The agreement 
between calculated and actual chloride con- 
centration is remarkable. One might ask, 
however, why these results do not indicate 
removal of sea salt particles by impingement 
on vegetation as data no doubt indicate in 
Sweden. 

Anderson also found that in areas of com- 


TABLE 9.1 


Actual and computed chloride concentrations in some Australian river waters. From Anderson (1945) 


Mean concentrations of chloride 


; AC Ratio of 
Catchment Area in Precipitation] .. ‘ 
2 eet: discharge to 3 In river water 
area sq.miles in inches precipitation era 
Calculated Actual 
a 2 SE 
Upper Murray... 10,234 33-19 283 1.0 BES 3:4 
O’Shamassy R. .. 40.7 63-74 .520 237 5.2 4:75 
Warrants tres ac 972 44.01 311 44 14:2 15.3 
BarwaniR. «em 1,425 25:33 .075 8.4 112 134 
Helena R. (W. 
Australia). .... 559 28.05 034 6.7 197 203 


Tellus XII (1960), 1 


THE YEARLY CIRCULATION OF CHLORIDE AND SULFUR 


paratively high ratios of run-off to precipita- 
tion lake and river waters were more in- 
fluenced by chemical denudation than in areas 
with low run-off/precipitation ratios. 


The role of evaporation for the chloride 
concentrations in lake and river waters has 
also been discussed by Errksson (1955 a). If 
the yearly precipitation is N, the yearly 
evaporation E and the concentration of 
chloride as it enters the ground is Cy, then 
at a stationary state the concentration in the 
ground water, C,, is 


N 
N-E 


Onn C,= Cn 


derived from simple continuity considerations. 
It is, of course, not valid when N-E is 
negative because then no stationary state can 
exist. 

Before discussing the implications of the 
relation above, the term “stationary state” 
must be qualified. There are, obviously, no 
stationary states whatsoever in nature, period- 
icity and random fluctuation being basic 
features of all systems. It is, however, possible 
to realize quasi-stationary states, chosing the 
time and space scales so that important period- 
icities and small amplitude fluctuations have 
little influence. In the discussion below it 
should be understood that the time scale is in 
years and that the so-called stationary system 
is only quasi-stationary. 


If the ratio as well as Cy is constant 


N-E 
for a given drainage area, C, will also be 
constant in the groundwater body in the 
drainage basin. If the average depth of this 
groundwater body is known, as well as the 
porosity P of the water bearing strata, it is 
also possible to calculate the amount of ac- 
cumulated air borne chloride in the ground- 
water per unit area. As an example assume the 
depth of the groundwater is 10 m and the 
pore space is 30 per cent. Then the amount of 
chloride per m? is M,=10 x 0.3 x C,=3 Cn x 

N 
N-E 
given in gxm ?. 

This can be exemplified by keeping the 
evaporation E constant = 500 mm x year”! and 
Cy constant =1 mg xl-1, varying the precipi- 
tation. The results are shown below: 

Tellus XII (1960), 1 


x If Cy is expressed in mg x 1-1, M, is 


103 
N inmm..... 1,000 750 600 550 525 510 505 
Cg in mg X 1-1. DT Ome Tae TE ts LOL 
Me ins me” Owe MS RSS Oey waa sox 


Mg in kg x ha 
Time constant 
IDEVEALS tee OT 


60 90 180 330 630 1,530 3,030 


30 60 120 300 600 


The time constant is simply the amount 
accumulated divided by the yearly amount 
in precipitation. It gives some idea of the 
length of time required to reach a stationary 
state. 


The calculations above cannot, of course, 
be applied immediately to a drainage area 


where varies from place to place. If the 


N-E 
drainage takes place along a slope, the ground- 


water depth will vary approximately as N-E 


and in the extreme case the accumulation will 


ratio 


be ind dent of variation in th 
EIN epen ent Of variation in (& N-E 


except for transient changes. The other 
extreme is represented by an area where 
groundwater accumulates in a basin and drains 
over a sill. In this case the example above can 
be strictly applied. It is especially interesting 
to note that as the aridity increases the time 
constant for such a basin also increases. The 
effect of a more permanent change in the 
precipitation—run-off ratio can be exemplified 
as follows. Suppose that a stream is fed from 
two areas of equal size, one where E is 400 and 
one where E due to fairly good vegetation 
cover is 500. The precipitation is the same for 
both and equal to 510 mm. The groundwater 
amount corresponds to 1,000 mm and the 
chloride concentration in precipitation is 1 
mgxl-1. At a stationary state the run-off 
from the area of higher evaporation is 10 | 
x m”?xyear-!, that from the other 110 | 
x m-?xyear!. The amount of chloride 
drained from both is the same, namely that 
contained in $10 mm precipitation. The 
chloride concentration in the stream will thus 

241510 

II0+10 
evaporation from the drier area is decreased 
by removing vegetation to the same value as 
the other area, i.e. 400 mm per year-!, the 
run-off from the drier area will be 110 | x m? 
x year-! but the chloride concentration will not 
be changed very much initially so that 11 


=8.5 mgxl-1 If, however, the 
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times more chloride will be drained off from 
this area per year than supplied by precipita- 


tion. The chloride concentration in the stream 


A d IO +II Xx 510 
will thus rise to oe eae ae. 
II0 + 110 


i.e. a threefold increase. This condition should 
last for an appreciable time until the whole 
groundwater amount has been replaced. This 
is interesting in view of the theory of Woop 
(1924) concerning the salt increase in the 
streams of Western Australia following the 
destruction of native vegetation. 

The example above is, of course, extremely 
simplified as groundwater exchange is by no 
means so simple. The slope of the water 
body will determine the streamline flow 
pattern and consequently the velocity of 
flow in various parts of the basin. Due to the 
strongly varying velocities of laminar flow 
in a porous body, mixing must occur along 
the streamlines, making the contact between 
two different water masses diffuse. In the 
example above, following the removal of 
vegetation, one would expect first a sudden 
rise of the chloride concentration of the stream, 
although perhaps less than that calculated, and 
then a continuous decrease from year to year 
until after a considerable length of time, much 
greater than the time constant for the resulting 
groundwater body, the new stationary state 
is reached. 


27048 dr, 


Changes in the ratio can, of course, 


N-E 
also occur due to yearly trends or long periodic 
changes in the rainfall intensity. This is perhaps 
of still greater importance in long term 
planning. Trends in the yearly rainfall have 
recently been shown to occur in Mexico 
(WALLEN 1955) and must be of great signif- 
icance for salinity variations in ground waters 
and streams in the arid areas of this country. 
Precipitation can very well be pictured as long 
period fluctuations. If the period should 
happen to coincide with the “time constant” 
for a groundwater mass, discussed earlier, the 
effect of the precipitation variations upon the 
salinity of streams and groundwaters would 
be greatest. 

When aridity is so extreme that salts precipi- 
tate, salt layers will be found. If evaporation 
balances precipitation, salts accumulate. This 
may go on for geologic time periods. Very 
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long periodic changes in the precipitation 
climate will cause alternating deposition and 
washout of salts. Ground, spring and stream 
waters will be highly saline during the wetter 
periods. It is therefore apparent that estimates 
of the yearly precipitation of sea salts in arid 
regions from river water analyses must be 
made with caution. One year’s river water 
data collection may be very misleading. 


2. Reduction of sulphate and precipitation of 
calcium and magnesium carbonates 


Reduction of sulphate to hydrogen sulphide 
can modify the groundwater composition 
considerably. The sulphate ion is a considerable 
oxygen source and in absence of dissolved 
oxygen in water oxidation of organic matter 
continuous with concomitant sulphate re- 
duction. When sulphate as an anion disappears 
hydrocarbonate and carbonate is formed in- 
stead. This is known to occur frequently in 
deep groundwaters as discussed by RIFFENBURG 
(1925) in which case groundwaters, seeping 
through butiminous bed, are turned into 
alkaline waters. 

As the sulphate disappears and carbonate 
appears the water gets alkaline. If a substantial 
reevaporation occurs so that the water is made 
concentrated, calcium carbonate is precipitated 
and later magnesium carbonate. A completely 
alkaline water is now the result. Thus evapora- 
tion and sulphate reduction can have a strong 
influence on the quality of groundwater. Nat- 
urally, arid regions will show most of these 
peculiar types of waters. If such alkaline 
groundwater is later evaporated, alkaline soils 
will be formed. This is, in fact, a much more 
probable process of alkaline soil formation 
than the process generally suggested through 
washout of chloride from saline soils. The 
latter process requires an extensive change in 
the water economy and can certainly develop 
as a transient state as it did in the inundated 
areas of the Netherlands after the World 
War Il. 

Some examples on the change of the compo- 
sition of waters can be found in northwest 
India in a large arid region, the Rajputana 
Desert. A lake in this region, Sambhar Lake, 
was investigated by HorLAND & CHRISTIE 
(1909). They were aware of that the salts in 
this lake were atmospheric in origin but the 
composition of the lake differed much from 
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sea water, being nearly devoid of sulphate 
calcium and magnesium. They explained the 
absence of calcium and magnesium as due to 
a selective transport of sodium chloride from 
the Runn of Cutch, a low laying coastal region 
frequently inundated, leaving the more hygro- 
scopic calcium and magnesium chloride be- 
hind. In view of the sea salt transport in the 
air by the summer monsoon in this place, a 
reduction of sulphate in the ground with the 
formation of calcium and magnesium carbo- 
nate is much more likely. 

CLARKE (1924) has given a number of analy- 
ses from the Great Salt Lake region where 
similar processes are clearly seen at work. 
ANDERSON (l.c.) in his investigation on various 
waters in Victoria, Australia, noticed also the 
deficiancy of calcium and magnesium in 
coastal lakes where reduction of sulphate was 
going on. 


X. Soils and airborne salts 


The role of atmospheric salts in soil forma- 
tion has received some attention in the past. 
MATTSON et al. (1944) studied the Ca/Mg ratio 
in plants and in peat formations and found a 
considerable maritime influence on the compo- 
sition of peat near the west coast of Sweden. 
This work was thoroughly discussed also in 
a later paper (Mattson & KOUTLER-ANDERS- 
SON, 1954). The influence of sea salts on coastal 
soils has also been studied in New Zealand 
(Gigs, 1949) and fairly recently similar work 
was started in Australia by the C.S.I.R.O. 
Division of Soils (HUTTON & LESLIE 1958, 
HINGSTON 1958). 


This type of work will no doubt be extended 
in future. In the general philosophy of soil 
science the part played by the atmosphere in 
supplying chemical compounds has never been 
properly considered. It may, therefore, be 
beneficial to future research if the chemical 
climate is introduced as another factor in 
soil formation, and to develop some general 
and simple principles delineating the role of 
atmospheric salts. 

It is known that soils contain appreciable 
amounts of cations such as sodium, potassium, 
calcium and magnesium in exchangeable 
form. This implies that they are held in the soil 
by negative charges on the surfaces of clay 
minerals and of humified organic matter. As 
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soils also contain moisture, there is an aqueous 
phase present, usually called the soil solution. 
This can be separated from the solid phase 
which includes the exchangeable ions. When 
equilibrium is attained the various cations will 
be distributed in some ordered manner be- 
tween the soil solution and the solid phase. 
The solid phase dominates the soil solution 
quantitatively, so that the former acts as a big 
reservoir preventing drastic changes in the 
soil solution. The static conditions for cations 
in the soil are thus determined. 

Soils are, however, dynamic systems. Plants 
take up cations as well as water from the soil. 
On decay these cations are released and added 
mainly to the top part of the soil, where they 
are later transported down into the soil and 
divided between the soil solution and the solid 
phase. In this way a circulation of cations is 
steadily going on, the necessary energy being 
supplied by the sun. Some cation losses will 
occur to the groundwater but this is com- 
pensated by the release in weathering of soil 
minerals. 

This circulation is well known and scientif- 
ically accepted. The question remains, how- 
ever, whether this picture is complete. Since 
precipitation contains salts, there will be a 
flow of these salts through the soil. This flow 
is superimposed. on the biological circulation 
of ions. This additional flow makes the dynam- 
ic picture more complete. 

The question arises to whether the flow of 
atmospheric salts through the soil influences 
the biological circulation. 

The answer can be in the following general 
example. Suppose precipitation contained no 
salts at all. A certain plant species growing in 
soil produces a constant circulation of various 
cations, these cations being carried into the 
soil from decaying plants by percolating 
precipitation. At the top of the soil the con- 
centration of cations in the soil solution will be 
greatest, decreasing downwards as cations are 
taken up by the plant roots. The proportions 
of various cations in this circulation depend 
on the characteristic properties of the plant. 
A stationary state thus exists. If now the same 
kind of cations are added by precipitation, 
but in proportions which differ from these in 
the biological circulation, the system is thrown 
out of balance, as it must be postulated that the 
uptake of cations by the plants is affected by 
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the composition of the soil solution. A gradual 
change in the proportion of the different 
exchangeable ions will occur, and a new 
stationary equilibrium be attained. Thereby 
the presence of salts in the precipitation has 
affected the biological circulation. 

As atmospheric salt influences the biologic 
circulation due to mutual interaction it also 
influences the soil properties. For quantitative 
purposes much more work should be devoted 
to a study of these relationships. 

In a stationary state such as described, the 
atmospheric cations have no nutritional value. 
However, such a stationary state can only be 

ourd in virgin soils. 
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In cultivated soils where products are 
continuously removed from the soil, no 
stationary state can exist. Here the dynamic 
picture of a soil will be quite different. If a 
stationary state is to be achieved without 
fertilizer application a compensation for the 
cations removed by crops must occur by the 
cations supplied in precipitation. This means 
that the precipitation would supply fewer 
cations to the groundwater than to the soil. 
Cations in precipitation will thus become of 
nutritional value. 

Only cations have been considered above 
but similar reasoning obviously also applies 
to the anions. 
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Spectrum of Kinetic Energy Transfer due to Large-Scale 


By BARRY SALTZMAN and AARON FLEISHER, Massachusetts Institute of Technology 


SHORTER CONTRIBUTION 


Horizontal Reynolds Stresses 


(Manuscript received April 6, 1959) 


All whirls do trade their velocity—but, 
The biggest whirl exacts its cut. 


We have made estimates of the integral, 


Mn) =2 (| u 4, PV(-n, 6 ») + 
+U(=n, 4, p)V(n, 6, p) feo as 

i$, p) 

2 | dp, 


which measures the rate of transfer of kinetic 
energy between the mean zonal flow and 
the harmonic components of the eddy flow. 
Only the action of the horizontal Reynolds 
stresses on the zonal current is considered. 
n is the wave number around latitude circles; 
& is the latitude; p is the pressure; U and V are 
the complex Fourier coefficients respectively 
of the zonal and meridional components of 
the wind; vis the mean zonal wind; ais the radius 
of the earth; g is the acceleration of gravity; 
and the integration spans the entire atmos- 
phere. Further details are contained in two 
papers by B. SALTZMAN (1957, 1958). 

The estimates were made for each day of 
the year 1951 using geostrophic winds at 500 

1 This research has been sponsored by the Geophysics 


Research Directorate, Air Force Cambridge Research 
Center, under Contract No. AF19(604)2242. 


mb and were based on a fifteen wave-number 
Fourier resolution along every five degrees of 
latitude from 15 deg N to 80 deg N of contour 
heights spaced every ten degrees of longitude. 
To estimate the contribution from the un- 
sampled portions of the hemisphere we 
assumed that the integrand fades to zero line- 
arly from 22.5 deg N to ro deg N, and from 
72.5 deg N to the pole. We hope this extra- 
polation is conservative. 

The results are shown in the figure and 
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WAVE NUMBER (n) 


Fig. 1. Average values of M(n) for the entire year 1951, 

for the winter half-year (January—March, October— 

December) and for the summer half-year (April—Sep- 

tember). A positive value signifies a transfer of kinetic 

energy from disturbances of wave, number n to the 
mean zonal current. 
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SHORTER CONTRIBUTION 


a! 


Table 1. Standard deviations of the daily values of M(n) from the averages shown in fig. 1, in 
units of (+) 10-17 ergs sec"! mb-!. The last column gives the standard deviation 
of the net daily transfer. 


Wave : 6 15 
Number 2 3 4 5 8 Cy |) wey || ee 272 073, 10.742 1.152 DR) 
n=I 
Winter ..| 1.54 | 2.59 | 2.76 | 1.90 | 2.20 | 2.41 | 1.63 | 1.47 | .9ı | .79 | .48 | .47 | .34 | .33 | .34 | 9.10 
SUMMER 2.73 77.225 71.52 1,2508, 02) 0017 03118 02211020 .4541.4% 103412241230 23 15.66 
Sont 0e ss serre rs al 23 77.841657 459 (ea 200324 [2996.98 


the accompanying table. These place in 
perspective the spectrum obtained for the 
single month, January 1949, previously re- 
ported (SALTZMAN, 1958). 

The net transfer, i.e., the sum over the 
fifteen wave numbers, is directed from the 
eddies to the zonal flow. If we take this soo-mb 
estimate to be representative of the entire 
depth of the atmosphere then the annual 
average is 3.8. .x 107° ergs sect, the winter 


average is 5.8 x 102° ergs sec-! and the sum- 
mer average is 1.8 x10? ergs sec-1, which 
are smaller but still of the same order as 
obtained by V. P. Starr (1959) for the same 
Ra observed winds (see, also, STARR 
1953). 

We are indebted to the people of the Com- 
putation Center at the Massachusetts Institute 
of Technology for machine time and for 
running our program. 
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Current Data on the Chemical Composition of Air and Precipitation XIX 


(For further information see Egnér, H., Eriksson, E., Tellus 7, pp. 134—139, 
8, p. 285 and 517, 10, p. 171.) 


mg/m? i. |. yg/m? (=kg/km®) 
= D 
mm a A pH co aa a 
Code S Cl | § | ow | Na | K | Mg| Ca ©) aici Se ni Na | K | Mg} Ca 
2.82 a Z 
April precipitation (D 904) | ~ April air (L 904) 
Ri ull) gabe 25 3 4 17, 6 3 16254 o 24 
Ki 32T, Io 2 2 7 2 SIM ESS o 16| 5:4] <| 2,1| 2.9|.2:520:98%< 
Ar 23| 25 5 4 6 6 5 512 33105:7 7 18] 5.4] 0.4| 1.6| 0.6| 0.6] 0.7| 6.7 
Oj 20| 40 12 5 7 5 4 AMIE fe) 2710 5-7103:0| 3:67 IT 7 RO AIRES 
Rö 49| 40 2310 E22 18| 12 5| 40] 5.5 fo) PIA5-5| 2E-5l 223) 02712: 6 
Of 50] 58 il A) 270 5 4 5| 36| 5.9 fo) 30] 3:6] 1.3] 2-0], 0:6] 20.51 0021778 
Af 24| 30 14 4 4 16 3 3| 26| 5.9 13 14| 35. 6.11" 3.0[ 3.2] 2.20 2e 
Fö 60| 26 All all, 7 3 5| 140] 6.2 28 14 
Ra ya) aes 6 9 5 6 2 TMetS O| 6-4) Ero 301 32.4| 127) 27020 gl eho 
Äm 68] 44 20 LS] 26 21 4 6| 40] 4.6 o 231,.2:1| 0-7] .2:8|,.0.7|,50:5| 0:6425 
Sa ze Zee I 9 9 5 3 4| 28] 5.0 fe) 261 '8:8|/0-5| 72.51 2.0] 7S Ses 
Ul 46| 38 TO ET TS, 8 2 3127261572 o 27| 6.6| 0.5] 1.6] 0.4] 0.4| 0.5] 4.3 
Br a7 3 12 7 9 10 2 2 17] 4.0 fe} 23)" 4.0 a2 2, 1.7| 7.2] EOS aero! 
Sit 37) 46 OW Saad | T2 10 3 5l 52| 5.5 fe) 25||| 4.1] Org) 22715 O0 90 0) 0 IAE? 
Fo 80| 98 15] 20] 34 15 a, nulle Sul 28 fe) 25|\ cL. He. SR IN 124, ES | cs uae 
Kvı 33 8 IN 13|7 60 19 8 8| 58] 6.0 73| “T10| 27. | 0.0119 2.3} 5.8] 6.4] 47 
Kv7 19h | Hi 5 16| II 2| 120| 5.6 27 34] 7:9| 7:5] 4.8 1.4] 2:4170.71097 
VK 35| 36 17| 10 6 Io 6 Bi 34047 o 25| 9:0] 9.0] 3:3]. 2.017 1.5|-7.9| 26 
La 65| 95) 26] 22| 35) 15) 9 5| 56| 4-4 Oo} 30 
Bo 85| 20 731 25 37 40 O/T A252 fe) 27 — 
Fa 79 9 251712220 18 5 9| 62| 6.0 fe) 19 — —| => 
Fl 65| 46 Zoll. LOly 13 II 5 Bl 27) fe) 221,5 1.1.2.0 7.4 221022072 
Am 77 9 40| 25| 28 43 8 8 50] 5.4 o 23 oo 
Pl 740 23 51| 28| 47 2 #7 9} 54| 5.0 fe) 36| 5.7), 17) 4:0]) 22.5] 20.015 08127.7 
Hö 126| 65 80} 531 84 46| 14| 19| 59| 4.5 fe) 32 
Sm 62| 44 77520028 II 6 5} 28) 5.3 oO 26) 3:4] 2.2] 5.6] 2.8] 2.21.0372 
OM 59| 44 20, 917 9 2012 6| 45| 5.4 o 22 
Sy 33) 35 23) Er 6 Io 5 4| 33| 5.1 o 24 — 
BE 45| 15 231. TIR 13 8 6| 27) 4A fe) 31 
On 66] 62 32| 20] 40 1 4 5] 50| 4.7 O 28) 4.3] I.4| 4.6] 2.41 0.7| 0.01.3220 
Sk 78| 61 69] 29] 39 40] 12 8] 44] 5.0 (6) 26| 3.5| 2.0| 4.1| x:rl 141 6,0] 3.9 
Al LOL} 691 79417391 521 53 TS #181 95) 4.5 o| 36 
Hi 96} 10} 100! 28| 4o 59] ı14| ı2| 130] 5.5 o 29 = 
Ta I] 230 710 5.3) 1.8 221 2.0750 12310% 
An = = 
Yt 27 18)" 74,5 555) .71 7) O35] 5-5) 2401 39 ; 
Gj 387833 69 7| 15 43 4 8 21] 5.4 o 22 
Fn 38] 49 seni) null | Xo) 7 4 Si 22) 5.5 o 22 
Fa 70| 35) 210] TO} 54| 160! 67 3/0220 85.8 67 30 
Va 19| 33 re ee) 9 5] 4 411560) Bor 7331 EX Ri RER 
Ir 105| 99 Io| 2 58 Il 8 6} 54] 5.2 fo) 20 
Ke 64) 58 ml ko 5 4 5| 29| 4.6 o 23 
Sd 106| 79 85| 2802 S5i LL 177010 264| 5,8 5 2a lee 
Da 87| 25 2 29| 40 17 8 6| 110| 5.7 14 19 = 
= 103 : 51 40] : à „53 = 13] 90] 4.6 Of 30] 6,31 1.5 2,01 075: al 0e 
me 2 À ei 43 217° 270 SER 2| IOO| 44 fa) 43} 7.6] 32. 2.4) 12, 2.4| 3.2] 27. 
( W\ © 46 I o 5 o al Loe 0 20) 5.0) TT |24.210.0.9|,. 0:0 001.03 
Ka ON a2 20 2 2 4 I Lie Ol 26, fe) 9| 20. | 28. SEINS 8100.00 01H. 
Ku PAIN; 2 3 2 5 3 2| 1504 fe) TS xX IST | ox x x x 
Jy 2: 22 55 2 I 4 2 2022547: fe) 15| 6.2} 5.8] 0.8] 1.0| 0.0] 0.0] 1.0 
Pu 37026 25 4 3 3 o crea o 10| 6.8} 7.8] 2.0] ro 0.0| 0,0] 52.1 
Tv 9 3 18 oO 0 5 6) o o| 5.1 o 5 5-5 13.0] "272 3.4| 9.0| 0.01 08 
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CHEMICAL DATA 


mg/m? 
m Tat 
Code SE mc o | | Na | K|Mg| Ca 
rae | F4 


April precipitation (D 904) 


113 


ug/m? (=kg/km?) 


q 
7 | Na 


April air (L 904) 


K 


Mg | Ca 


Rj 33 6| 230 2 4| 110 wi) 220% TA OT 17 
Vn 67| 108| 116} 19) 2 67| 40] I5| 19| 5.2 Co) 
Gr 74| 139] 165} 34) 69] 137) 46) 15] 72] 4.5 ° 
Od 65] 120] 105] 26] 61 61| 28] 16) 52| 4.5 o 
Bs 66| 111| 133| 28| 41 96| 37| 14| 38! 4.4 fo) 
Fj Sole 8315 1831, 24 BS) rz Ball Tze 57 lees o 
NL 37| 72] 334] T1] 18] 479) 15] 31] 39] 4.5 o 
Ly 126| 236| Iıol 40| 83 aa a7 2277| 23 o 
As 60} 124] 128] 40] 59 81) 31| 13] 50] 4.4 fe) 
Vd 49| 122} 103] 28] 128 94| 41] 11| 47| 5.1 fo) 
Bl 39] 105 61] 20] 43 27) TO} re | sel 24 fo) 
Ty 45| III 83} 46] 63 55] 30 Toll, 78.4.8 fo) 
H6 dale 8310 187 22 30 QO} aks], Tal, 568 405 o 
Ad 45| 109 75| 38| 62 54] 2 15| 64| 4.6 fo) 
Aa 61| 85 80| 28) 41 43) Tal 13123711 4.0 o 
Lw 56| 122] I 042 7 5! 861] 37] 178] 28] 7.4] 461 
Sw 98] 144] I 598 5] 1] 892] 30] 110] 69] 5.6 I 
Ab 641 9017 T40}) 281 25 zı5| wri] 2418 450 5.4 o 
Ed 51| 84 99} 13| 20 627 2817 TG Ware 5.2 (6) 
Es 164| 309| 649| 30] 41} 465) 49| 58] 49] 5.2 8 
Ag 28| 70| 307 3 7| 196 71 238i) 221% 5.2 o 
Be IOI] 219| 257| 35| 62 79| 13] 60| 132] 5.0 fo) 
Ro 51} 108} 144] 16| 26 93] ZI 1412671153 o 
NA 84| 216| 374| 23| 224| 525] 71] 28| 84| 7.1) 290 
Ca 102| 380| 4 632| 35| 54|2 753| 167| 356] 174| 6.1 17 
Ma 84} 302| 4 998 7 6 6.2 19 
Bt 90] 243] 3 105 9 7 — —| —| —| 6.2 26 
Cl Fos 30 ba C6 eel ae] Au se o 
DA 44| ıIol 422 4 4 —| —| —| —| 7.1 96 
Bi 88} 114} 343 8 8 6.6 48 
Rl 62] 167] I 041 6 5 —| —| — —| 5.8 4 
Va 109| 185/2354| 9| 9 5.5 0 
We 51] 30] 1316| 18| 17| 759] 28| 78] 71| 4.2 o 
Sc 57| 187| 193] 30| 51 65| 11| 17| 69| 4.4 fe) 
BV 29] 70 18} 46} 68 25|' 221 25) 150) 4:6 o 
Bn SA 138 1541 471 43 40] 14| 47| 362| 6.2 64 
Au 451 38 36| 13| 29 Mei) 27 790 82054 o 
Fe 86| 134 | as 74 A 29} 13] 10| 54] 4.3 fo) 
Ba 110| 148 88} 26] 65 22|: 24, 175 A456 4.2 o 
Ho 53| 108 o| 26| 44 21| 44| 30] 139] 5.4 o 
Rm 79|- 16 32| 43| 90 79) 63} 18] 658} 6.2} 148 
Et 97| 156 49| 31] 57 19] 18} 18] 126] 4.8 o 
He = 

Rz Zune 38 ol 3-25 6| 1} 10] 95|- 5.9 24 
Wi 79] 123 24 3) 25 91 2381, 20100 M 6.2) 112 
Lz TOUeZ Age FOL AL 23 II 8} 23] 161] 4.9 o 
Kl I102 Ly, o o| 11 8 4, 25| 88| 6.0 12 
SO 76 fe) oO Oo] 15 II 5 8 23) 5.5 fe} 
Ve 73| 24| 6 707 o 41 3 645| 208] 197| 748] 6.5} 176 
BL 171716152. 285| 13| 254 40| 49] 41] 214| 4.9 o 
DH 24|- 66| 790] 23} 23) 330] 26] 65| 66) 4.4 fo) 
DB 72|-157 Bol 72 22 76| 18| 17] 60}. 3.9 o 
W 58| 137]. 55| 38| 14] 66| 14] 15] 35] 42 o 
SA 77| 129] 356] 30] 18] 126) 13) 26) 62] 4.1 o 
U 54| 137| 106) 26) 15 51 8} 14| 78| 4.4 fo) 
B 96| 99] 23] 44] 27) 52] 15] 14) 57) 4-5 o 
D 5210070 val 27 25 60 8 9g} 48| 5.0 fo) 
MH 67| 91]. 104] 31], 21 56 At Tale 538 3.4 oO 
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CHEMICAL DATA 
mg/m? SANS ug/m® (=kg/km°) 
= 3 | 8 = 
mm galt, PH] el: | 
S| Cl] 2] | Na | K | Mg| Ca o | x|[G| S | Cl] xP] Na} K | Mg} Ca 
ee ee ee ee NI ee eh Fr be ee ee 
April precipitation (D 904) April air (L 904) 
eae PR BE ee Er AE an ne ee BL RSR SEE ae en m 
107| 47| 218| 41 El 173| IO] 26128 4:9 o rs O10] TiO] 4.8" 171 rx 0.61, 0.2 
83| 66| 106| 37| 49 2722071040 fo) 16] ~ xX x x x x x x 
II4| 140 51| 65| 88| 17 os a | 0 o 17| 3.3| 0.8] 2.7| 0.4] 0.4] 0.2] o:.1 
86| 40 93| 40] 21 24 5 role sole 5.77 v2 12| 5.8| 6.8] 4.4| 0.8| 0.7] 0.5) 0:3 
156| 250 Xo) u me 2 185 8] 312] 5.8 16 19] 0.4] 13.3] 6.1] 1.6] 0.8] 0.6) 1.5 
T46] 52, ırol 39) 21 63| 54| 63| 550| 6.3] 250 37\ 270) 2:5) 537721883728 
May precipitation (D 905) | May air (L 905) 
37| 20 48 2 I 27 5 6 53} 6.1 20 AO ee el Eh >= 
57| 15 5 3 fe) 6 3 El) 3517 OT 6 8} 3.7, —| 1-7] 2.8] 2.7] 24] — 
30} 18 21 2 2 6 5 3431. 5:8 20 E7| 30] 83] ,2:3| ‚0-40 04] 738 
50| 40 51 8| BE 9| 10 4| 63| 5.3 o 22| 0:7| 233] 2:5] 0.8] O03) 0.0| 386 
20} 29 30 8| 280 34| 56 3| 481 6.7] 880] 160] 4.1] 1.4] 3.0} 1.1| 0.8} o.1| 2.6 
37| 38 16 SIEHT 7823 7035105. o 20] 219) 13° | .2:8| -1.21: 0.81% 0.51 8% 
3710 18 12 I fo) 10 7 31 2281 6:0 o 8| 0.0| 1.8| 2.7| 0.7] 0.0| 0.0| II. 
A Br Io I 2 7 9 B72 00 51 26 — 
40| 14 12 5 5 61772 5| 84) 5.8 o 22| 20 2/41 02 4lRr. GRO OT SI: 
2h02 12 3 5 8 7 5| 34| 6.4 19 E5| 323] 20a]. 2t4] .0.8|° 0.6/0 0.212489 
36] 36 15 5 I 20 Te) 91.2.6215 5.97 o 27, OF3) HE] FAI 0.51-40.200.01 255 
231028 19 5 6 7 6 6| 43| 4.9 (6) 27| 7.6| 2:0| 1.8|' 1.0} 0.8 1.3] 5:9 
16| 19 112) 2 5 13] 010 5] 31] 5.8 o 23| 2:8) .T4| 2.0 2.2103 300.4 u 
23 28, Io 2 o 6 9 4] 35) 5.8 7 22) .4:5| -23| 23411.0.9020.610 1.9] E68 
84| 59 24| Io 2 19| 19 8} 65| 5.3 fo) 15| 0.6} 1.9] 1.2] 0.5] 1.0} 0.4] 4.6 
27) 18 AO. Bale ET 28) 27) 13| 250| 6.3] ?120|1 EQO| 20! 32] 17.10 3:9126.9175. [54% 
Ei foe 87 20 271,122 15| zı 71071) 4.6 o SEE X X X X X X 
25| 39 17 7 9 Tr 273 6| 49| 5.1 o 27| 2:8| 0.1] 0.7] 0.411 0.2] 0.6) 0:7 
21| 30 67 o fo) 29| 62 7| 35| 5.3 fo) A — — — —| — —| — 
24| 20 94 I I 55] 15 9| 28] 5.1 o 30) — —| —| a —| —| — 
10| 23 24 2 9) 7 9 S| 44) 5-4 23 43 
18| 40 24 4 2 Io} 14 5| 38] 4.7 fo) 32] 1.8] 0.9] 1.1| 0.4] 0.5] 0.8] 0.6 
26] 42] 49] 10] 21] 590} 1214| 7| 59) 6.4] 67) 39) — 
18| 25 46 8 11 Dy 5 61271047 © 40| 23] G16) 4.51: 2.610 1.31 3.01 8% 
27 mAoıE Bol er rs REC Tuer | Ot OOS. TO) 223 
3| Io 61| .aïo| 2:2] 3:6) 2-71) OFF Os) 178 
Sil, 15 2150 14| 12 5| 58| 6.6| 580] 100 
Bi PT I SI IS a RO ET MES ine 
nm 278 14 5 2 8 6 31 43310 5.0 o 36| — =) „eure a 
8111.22 14 7 9 7 4 31,2. 3315 5:2 5 52| 0.9 4| 4.3] 1.7| 0.5} o.1| 0.3 
8| 96 15 7 3 10 7 31.2321 5.3 48 58| 0.0 9| 3.5| L.4| 3.6| 0.91 5.6 
8| 14 Si) 3), 00e Meche ach sta] ie: Gl 48) dal Rad ded CNE Pr 
171058 29 3] 23 17 6 3} 481 5.3 ° 2) — A | =: 
14| 17| 130 4| 20 67 7 6| 24| 5.8 18 76| 2.11 4.5| 0.4] 1.9] Ob) > 2.08 
38 IE 72 I I 39] 15 [0] 0%) Er} 78 24| — —| — 
52| 22) 180 3 5 ROO] Cee) NET) ee 15 20 — 
13| 26 14 I fe) Ae ek. 4 33| 6.2 61 23) 4 Ze El ely Sees | ee 
34) 14 54 I 3 39] 19 3] 18| 5.9 24 14 —| —| | 
AIT 10 2 2 4 5 2|M2EINET 40 30 4 Ar Ol 2-6)r 8 tor = 
561 #23 16 Al a TO) T2 3l 35| 5.8 o 10 — =|) Sei) | 
18] 25 6 o fo) Mi 5 3] 31] 5.9 22 4, — —| — 
86] 57] 200 O0 2201 7722| 7781968058 32 25) A | NE =| 
16| 19 9,012, 2 6] ro] 2]. 6x) 7.01) Tho} ee RE Ne 
2030 41 4 5 28| 16 6] 49] 5.8 28 33} 2-0] 0:81 750218 Tir ol 35 
18 ro) [is 7-Co) 8 2] 200] 15] 23] 40) 5.7 3}. TOO} 8.1142. | 3.7122. 1.0| 4.5| 3.0 
25 3G 15 I I 8 2 11#518125.6 32 18] 7. | 4.25 X| 0.6 0.8} 1.4] 00 
35| 50 40 2 I ZI m 4| 60| 5.8 65 16] 23. 2-4} 5.0| 1.2] 2.4] 0.0] 0.0 
38| 38 7 I 2 4 8 5| 471 5.9 25 12| 6. | 0.0| 6.8| 1.5] 1.1| 0.4] 18 
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CHEMICAL DATA ITS 


_ inet sea fief T. JET wea nome cur) o 1 ee J ug/m?® (=kg/km?) 
Se lo 
Lam a i pee el A 
Code S Cl o | tt | Na | K | Mg] Ca SO SEE Sel aol Na | K | Mg] Ca 
2 |e jun Z, 

May precipitation (D 905) | May air (L 905) 
EE Re ne a ee uen ae cee bd 
Jy 57| 42 80 7 4 6 8 3| 96| 6.3 12 22 
Pu SOIR 35 15 3 3 3 6 Zi AST Sey, 36 16 
Tv 2 38 ZT o 9 a2 meres Al 371 546 44 23 
Rj 49 4| 190 5 AZO) BEI Sl 750 (G2 13 2 
Vn 8 21 61 4| 18 SAINTS 6| 18| 5.4 fo) 54 
Gr 5| 32 30 Slare 19 6 9} 30] 5.9 20 87 
Od Law 35 46} II] 14 BONE TOI TE | sen fo) 36) - bee 
Bs Io} 39 70 2172| 28 Fo) mol el Rai) 62 2 71 
Fj SIT 86 I 4 52) LOW Lal ol 5:9 26| 225 
NE 317 5188335 2 Al ESO] zul 32] Lol Gr 21| 442 
Ly 16| 53 19 8 78 I4 6 9| 20| 4.3 ° 50 
As 2 323 40 2 2 28 87 8 8) 7-A|ı 370| 335 
Bi si 2 2 4 6 18 8 8 21] 4.4 OZ = 
Ty Ei SE 29 5| 14 TS RE || 27 5| 6.4 18 42 
Aö er re} 450! 4) es Les oh zo 5.5 0| 243 
SJ o fo) o fo) o re) o (6) 0 — o 
Ad 7; 18 TO) Sol #19 12 6 5 6| 5.7 fo) AI 
Aa 8 38 17 9) 44 ZA TO 27 Th 720 166 80 
Lw 26| 85| 345 7 7| 508| 28| 53) 213] 7.4| 564| II] 0.4] 4.6| 0.6| 2.6| 0.7| 0.1] — 
Sw 200 FSi) 392 5 3 7308| 2201, 2615 20 Gol 236 902.71 225] zen zer 0:8], 0:98 
Ab Sat cout tros 682) SEs! rg Sa 1024-48 50 39 33) 22. 10. |) Bxo| 3.9) 2.2) 24 2 
Ed 11| 64 96| TI 716 OO! =2| 731 58| ©09| 209) 705) 14.5) 3.51 3.3|| 340] 0.91 0.4] 0,6 
Es 92| 231| 159| 49) 78| 267| 43| 25| 73| 5.8 34 33| 5.0) 1.0| 1.7| 2.5| 1.4| 0.2] — 
Ag 15| 90 65| xs (Lak 1377| 15 9| 7] 7.2| gıo|l 144| 13 5.51 2.6| 3.7| 2.0| 0.8) — 
ike I5| 78 As Bez 27, 33| 225] 20, 57 540 8 64| 19 DO] 25.2| 201 0.91 2.8] 739% 
Ro 35| 100 70| 18) 30 51| 18 sh 701 5.7 3 35| 19 Se AS 2.9 1951 Or) 20:9 
NA 34| 211 68| 129 O| 499| 44 ze 16er On 70 91|15 3161 5] re IN 0" 6) mors 
Ca TAN 238 2 7301 7531 173) ASOl 7741 481 74 53 T2 69| 12 6.01 3.4| © 2.8| On| Fors 
Ma 25| 133] 893 6 2 6.6 11| 158 
Bt Bo 321 Asa Pa bas 02 eos 
Cl aap 188) ESS - 8] 3 4.5 o| 39 
DA 7312041 321) 022) 51 4.5 fe) 52 
Bi 46| 92 78 3 4 6.0 9 30 
Rl 39] 140] 651] 156 3 6.4 13 88 
Va 59| 83| 189 5 5 5.0 o 27 
We 3 6| 552| 14 3] 408| 29] 59| 48| 5.4 © 29021 2,3| &4| 2:0) 34) To 1.3] 22:3 
Sc EL 123 50 BEX a 24 9 4| 38] 4.2 fe) 49170) LOO) 1.4 22a 2801 or EE 0) 
BV 2 NET Bu ERS) 203 9 6| 12| 140| 4.0 ol 3561 24.4] 5.7| 7.0) 0.,9| Don} 1.6] 7.4 
Bn 25 ol 103| 53| 35 24| 28| 48| 441] 5.8 34| 143120.7|21.5|10.0| 2.3| 3.4] 3.0| 27.6 
Au 51| 106 64| 65| 31 8 19| 24| 118| 4.3 fo) 35 74.1, 2.71 Go NON TON GE 50 
Fe 57| III 85| 27| 44 47| 14 9| 90] 5.0 o 27 
Ba 56| 28 ol $85! 7 16| 32) 10 760407 fo) 28 TA.2 0.0 Gaz) 7.61 27) 9,9| 73 
Ho 76| 42 ol 45| 48 E5| 835) 3710272 528| 116 40| ol 6.3) 7456) 0.6) 0.6 157) 7 
Rm 46] 161 23) OF 7 12| 45| 12| 180| 4.8 fo) ATI 5:8] 2:8 Ze IN 071 O22), 977 
Er 24| 18 o| 19] 22 4| 14 Sih 731 522 fo) 39] 6.0] 10.5] 6.7! 6.0] 0.8] 0.7] 1.8 
He : 

Rz 41| 76 ol 18 fo) 2| 86| 18] 60] 5.4 o 26| 3-4) “s5) 3:83 %2| 00/05) are 
Wi 40] 54 öl (50) #10 20| 36| 22| 164| 6.0 87 37| 8.7) 2-.8| 3.6) 2.7| 0.8] 0.8] 2.2 
16% 68| 112 7| 58 2 20| 32| 34| 221| 5.8 60 35| 8.0] 0.0| 4.5] 0.7| 0.8) 1.2! 4.2 
Kl 60] 144 ol 417 5 2 mi 251 921 5:3 fe) £8| 16:6) 2.5) 3.2) 2.5) 0.8] 0.6| 133 
SO 162 fo) al 33217523 5 Si En ES AG o 721 27.903537] Al 0.0) 0.214026 
Ve 73| 116| 612 9 ol 646} 31| 63] 129] 6.0] 113] 104|16.7| 6.8} 3.5| 9.9] 1.9| 1.6] 2.4 
BL 52| 63) 174 6| 54 Sr 227 TOR 2900 5:3 o =| 55:61 328) 031 BS) 7.9| 5.011243 
DH Io} 29] 380 8 TRS O| #31 2602421.472 ol 2190| 2:3) 20: 382704 ul 2.4 2005 
W Ill 23 47 7 6 26 6 FIM 231 4.0 o 91| 3.4| 38 3.7| 4.5| 1.0] 2.8) 24.0 
DB Tan 13 50 3 I 30 2 6| 25| 4.5 o 46| 5.3116.5| 4.7| 4-4] 0.5] 1-3] 1.2 
SA 9] 25 29 2 I 34 5 ie 37 582 fo) 64| 6.1] 11.9] 4.8] 3.3} 0.6] 0.5 aa 
U 10| 45 32 4 2 16 51 —| 60] 5.1 fo) 7213-2] 4) 5.21 3-0} TA] 239 2| 
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2 mg/m? ee P ug/m* (=kg/km*) 
Yu AE | te IS 7 
d sa | &| sf | Na | K | Mg| Ca Q | xiG} s | Cl] a } Na] K | Mg} Ca 
5 Ae HIT El Li © SPAIN LR LL A 2 
a May precipitation (D 905) May air (L 905) 
B 54] 128 60] 38 13 17| 10} 18] 167] 4.9 o 39| 4:71 5] Bes) 23} 0.4| 023] 726 
D 58| 86 55| 16| Io 23 g| Io] 110| 4.8 o AA (6,21 27. || 38.3) 1850| 0:01 0,5 Men 
MH 16| 44 54) 13 2 rapt 7| 10 831 4.7 o 57| 7.3) 8.8] 5.5| 3-5} 1.T| 1.6] 20.7 
Rs 201 20 60 4 4 39 3 6| 42] 4.6 fo} 38] 1.9] 15.5] 3-0] 3-6! 0.3] 0.2] I.9 
LM 37| 51 271, 8261 723 20| Io 8| 61| 5.0 fo) 23 
Ex 24 26 9 6 6 4 9} II} 49| 5.0 fo) 28] 5.9] 1.8] 3.5] 3-5] 2 0.9} 1.8 
Bg 43} 58 12437 9 8 6 5| 86| 5.0 o 21| 34123]. 238] 121.073) 10.0} 0270 
Ae 38] 33 25 9 2 II} 15 8} 89| 5.8 16 18] 7.7| 6.8| 6.4| 2.6| 0.9] 4.0] 4.1 
June precipitation (D 906) June air (L 905) 
Ri 65| 32 45 o fo) 28 6 9| 41] 5.8 o 13 — —| — 
Ki Pg) 58 6 o (6) 8 9 Te 14) 5.8 13 8| 6.6] IX) 25] 621 5-3) 2-4) BK 
Ar 25 8 8 fo) o 19 9 4| 42| 6.6 70 19| 4.2] ©.7| 6] 2.5] 2.7] 2.0| 753 
Oj 36] 23 12 2 I 7 8 2| 35) 5.5 fo) 13| Ee. | 3.8) 20] 2.4 Weal) 0.7] ma8S 
RO 65} 18 8 o fo) 9 6 3| 50] 6.0 19 sm | 7.7] 8.0] 23| mel 2410: 
Of 23 TO 16 fo) o 4 9 4) 24) 5.3 7 12| T.6| ©.3| 276] 16) 0,6] 77/95; 
AF 87| 23 27 I fo) 22 7 4| 31] 5.9 12 a 5.61 LX| 6.9| 7:61 4.21 40 
Fo 36] 27 4 2 o 9g] 10 6| 100] 6.3 97 23 — IV 
Ra LO 14 3 o 8 3 7 I] 42] 6.8} 110 31| 12. | 6.3] 40! 18] Test TO m 
Am 26} 14 9 I I 8 8 4, 21| 6.3 27 12| 7:0) %.6| 271 231 FO) 1.0100 
Sa 22| 31 fo) o fe) 7 293 9| 39| 6.7} 110 31| 7.8] 3.6] 2°8| 09 OS) 0.7261 
Ul 20| 43 13 4 8 4 6 3| 22] 4.6 o 34| ©.0| 2:2] 27} 24055 77] 268 
Er 25% 24 8 4| 14 3| 437 Be 27. GE 21 22| 16. 3:0) E22) 216) eal 2.4 BE 
St 24) 33 37 5 7 23| 214 6| 30] 4.8 o 2| 4.3] 2.4) 3-7| 1241 041 O19} 52 
Fo Io] 20 10 fo) fo) 10 8 4, 20| 4.6 o 39| 11S | 3-4]. 3255| 224)" eo} 0,800 
Kvı 23 3 30 9| 24 321 S25) 7397701 0.1 OI] 210) 7.7| 98] 18. | 7.8)- 6m 6.24% 
Kv7 16| 30 13 I 2 7 2TO 4| 47| 5.8 4 28| 29.0 Tre | SE tr 4:3| 27. 159. 
VK 55| 35 2I za eA ANA 6| 46| 5.9 9 14| 4.4| 2.7| 3-4] 1.8| 1.1] o.8| ro. 
La 14| Io 30 I o 231 22% 6| 37| 6.3 88 39 
Bo 341 37| 240 9 6| 5140] ”23| 2T 48 5.4 o 48 
Fa 32) 45] (44) 7] ! 6! SIS) 40) IS 571 52 ei P29) I 
Fl 44| 28 26 5 I LO|) Br 4| 24] 4.7 o 23| 7.2| 2,0| 3.0| 17) La 27 20 
Am 45| 34 52 |= Sore cer 66] 14 6| 47| 6.1 Bt 2 
Pl 42| 29) 150} '13| ©20| Too} 14] 1210 401 4.6 o 39| IE. | 0.0) 4.0) EO} 0608| T4| #0 
| Ho 51) 57] 75| 18] 31] 49) 14] 5h 34] 4.6 Oo} : 31 
Sm 34) 35 II 4 fo) Io] 14 4| 28] 5.0 o 22| 4.8] 2.6] Gux| Ee} ox! 3.31 8:9 
OT 55| 15 20 Pg 6 ZU LO 8| 60| 5.6 6 17| - 
Sy 68| 37 1.7 wal 9 12| 19 6} 92] 5.4 fe) L7, 
BH 7210 18 20 3 0 13| 10 6| 26| 4.5 o 45 
On 301 13 AZ STG) 32 29) 25 5| 73| 5.0 fe) 39| 2.4] 4.5] 5.0] 3.6) 1.7] 2.4] 12. 
Sk 32 2 7 2 UE 46| 16 Slt Sel Sex o 36| 3.3] 3.3] 4.0] 3:6| 2,9} r.9) 16 
Al 20| 20 65| Mal Ez 38] 10 707$ 150: 10 52 
Hi 297 30)" 7394| 17 Tao 7850| Fra USSR 525 a 937 
es 21| 18 75 3 I 52 7 GEST ISO 30 31], 23] 6] 2.7) 0,9| oer now 
n : 
We 55|) 121” 120 2 I 42| 101 16) 55) 5.9 37 21 — je = —=| | 
Gj 79) 21| 479) |'5| 14 320| I26| 30 30/1555} (re) Sgr 
Fn 35| 12 17 3| 16 21| 16 5l 43] 6.0 35 211 | =| Be Sl) SS) ee 
Fa 25 8 57 I} 10 441 38 4| 30] 6.3) 180 32 
Va 23| 25 14 I I 10| 19 5| 88| 6.2 93 34| 4-0] 3.0) 2:71 TREY 058 3.3, tome 
Dr 28| 16 14 4 3 9| 10 31 33) 5.4 o 22 — —| — 
Ke 39| 24 4| 13) MO 7) TSI Psi Sol ers rel 1672 
Sd 197% T2500) 717 4| 400] 2 39| 91| 5.6 15 36 
Da 2T| 22 II 4 fe) 27 12 alt 82 612 94 36 - 
Äs 14| 16 ZU 3 oO 21) 2 6| 38) 6.4 58 36} 8.8) 1.0| 2.2] 1.9] 0.8] 3,0] 18. 
Bi 2 8} 990 7 Oo} 560| 42] 66) 94| 5.7 26| (150) 1212, | 2:5) 62, om 792120 
So 6 7 5 I I 2 I Il 10| 5.4 o 22| 2.4| O.4| 2.5] 1:60]: O12) 0.6| 3.0 
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TT EEE nn 
mg/m? LAURE pg/m® (=kg/km?) 
mm ale pH Te =|° a 
Code} =| S|] Cl | @ | | Na} K |} Mg] Ca © | xlG] S} Cl} oP | Nal K | Mg| Ca 
a | & el zZ 
June precipitation (D 906) | June air (L 906) 

Ka I 5.1 fo) ©,0} IE Die TS. 20.8 
Ku I 5.0 © 02| 4.0) 380) 120122 
Jy I 5.5 (0) 3:6| 3.017741 015] 6.0 
Pu 2 5:4 oO 35 3082.01 T5|ır. 
Tv 24 5.5 oO X| 12 Ole Leal 17: 
Rj fo) 5.3 0 23) 2-9 0015721870 
Vn 41 5.7 4 | Te ml) Fee 
Gr 18 5.5 o eee Ir 
Od 46 6.4| 58 | ip eue) pr 
Bs 130 651 va - 
Fj 33 5.0 o poe |) dag teil) En 
NL 30 5.3 o ce ne (betta lens I 
Ly 25 4.8 o en 
As 39 5.7) 8 nn a 
Bl 33 4:5] 0 ee M ve Mis ii es 
Ty 19 6.5 72 — 
H6 24 4.6 o 
SJ 36 5.3 fo) 
Ad 16 5.6 o 
Aa 21 4.6 (6) 
Lw 5 7.5| 561 O75) rl Lo] 0.91.05 
Sw 5 5.2 © O27 | -222| O29) 015 0x5 
Ab 25 4.9 o 27058) 7IBT- 00.8 
Ed 42 6.6 84 3-7 5.11.09) BO 1.0 
Es 52 5.3 fo) 1.9] 3.2] 2.0] 0.6] 0.6 
Ag 9 7.5| 602 712 0) “Gehl - ako) 
ie 36 6.3 55 3:7| 3:2100.7|51.4| 24 
Ro 38 A7 o 7452| 2:03.01 1310182 
NA 42 6.4 66 3.4] 3.3] 0.8| 0.9] 0.8 
Ca 21 6.4 69 1:5| 2:5| 0.9] 0.3] 0.5 
Ma 4 6.0 30 
Bt 5 6.2 23 
Cl 8 5.5 o 
DA 3 6.7 60 — 
Bc 5 6.8 82 
RI 4 6.61 61 A RES 
Va 76 6.6 98 
We I 4.4 fo) 241497102513 210277 
Sc 9 5.8 68 5,21 19:310.2.8|2.2.6174.8 
BV Zi 4.4 o 50 Mro|No or os" 
Bn fo) 5.6 24 D4) S37) 353i a 5.2 
Kö 44 5.8 20 1.0 1940,71 0.210. 177 
Ln 8 0.312.792 0.310 5-81 260.417 1.41 70.31,7.8 
Au 7 6.0 28 727 .0:9 1041 17.2 Er 2 ee eo oe 4 
Fe 6 4.1 o 
Ba 12 4.2 © 6| 16.4| 14.1| 2.3| 4.3] 7.0| 23.4 
Ho II 5.0 0 31 5-5 6.2.01. 0:.7|0.77 04-2 
Rm 414 6.1] 316 4.8| 3.7| 0.7| 0.4| 2.7 
Et 12 4.8 o 3.5| 7.7| 0.5] 6.2] 3.4 
Rz fe) 4.4 fo) Boi] CRA eal) Koro), xe 
Wi 7 5.5 8 42103831 2.0:0120%11.2.0 
Tz o 5.8 28 4.5| 2o| 120) | 2.21 72.8 
Kl 6 4.6 o 3:31 0:3] 0.9] 0.6] 1.4 
SO 71 3.9 fo) Bee | 250 | .7.°7180:21 0123 
Ve 4,6| 0:81 2:0) 1.71 1.9 
BL 62 5.6 — 590 2201 2.21, 5 T7 
DH 8 5.1 o 311214 2.0) 0.2) 5:9 
W 66 4.2 fo) ZA ABI 12 az 
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mg/m? Re, ar „g/m? (= kg/km?) 

mm 2 | 4 pH| 1, | 8° Ai | 
Code S ee coh Na | K | Mg} Ca © le sıca|z|Na| K | Mg| Ca 

June precipitation (D 906) | June air (L 906) 
DB 34] 105| 109 4 3 52 2| 72 740) 43 o 45| 15.2] 10.4] 4.4] 1.8} 0.8) I.1] 2.5 
SA I 72 42 3 I 23 8 7| 44| 5.2 o 39|.12.7| 6.1] 2.6] 1.7| o.7| 1.6) 11.2 
U 42| 168 62| 15 2 24 gl 15| 87] 5.5 fo) 27|20.7| 2.4] 2.9) TO) 2,51 1-71) ages 
B 87] 239 87| 46 3 19 9| I9] 129] 4.6 Co) 35| 26.9] 5.1] 5.8] 1.6| 1.6] 0.0) 4.1 
D 45| 146 37 6 3 29 a or 721 46 o 34114.0| 8.0| 4.3] 1-9] 1.4] 0.0} 2.4 
MH 30] 90 50 4 2 cA) M2) re 861.04 66 32|21.7) 8.6| 4.4) Ta) ro 0.8) 235 
Rs Zi 42 82 I o 41 3 7| 26) 5.4 o 28| 7-5| LEO} 3.5) 255) GA OS 
LM 59 74 27 5 4 5 Q| 1559 63 48 12] 20.5) 18.9| 5354| 33 E21 0:9 82 
Lx 69] 155 46| 92] 12 TO} 75 270 371 8453 o 49| 15.0] 16.6| 5.3|10.2| 3.5| 7.9|48.7 
Bg 90] 77 50 5 fo) 7 8 7| 124] 6.2 38 Io} 9.4] 10.5] 4.3] 5.8] 1.3] 0.6) 1.8 
Ae 71| 209 36] 7217 4 Al 5722|” 720236] 70:2 40 30| 7.5] 11.0] 4.8} 0.8] 1.1] 0.1] 2.7 


Correction. 
The Cl-values for the Finnish stations January—March 1959 (Tellus 11:3) should be 


Precipitation 1959 Air 1959 Precipitation 1959 Air 1959 

Cl mg/m? Cl ug/m? Cl mg/m? Cl ug/m® 
Code Jan Febr | March | Febr | March Code Jan Febr | March | Febr | March 
So 5: 16. 31- 4-7 TE Jy 19. 14. LS 2:3 8.0 
Ka 9. 28. 10. 27. 16.6 Pu 6. 14. 26. 3-2 3-6 
Ku 3. 32. 19. 3.1 27- Tv 100. 26. 102. 22.5 0.0 
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CO: values in Scandinavia May —July 1959. 
(Cf. Fonsetrus, KOROLEFF: Tellus 7, pp. 258—265) 


May June July 

a 
© Eh À 4 : „ ß 
5 © ke) 2 Isle he) ET klar ke) a Pia: 
siya, °C} 8 “oe = sell] o| À # |ge 
me A = d [DIS = o [O=lA = 2: joa 
= 5 = El = E 
12| 85| N 3|=° 5|322 ||16| 10.0|ENE 1] e° 6|310|14| 8.0]/NNW 4 IO | 330 
Ao 13) 12.0] NNW 4] =°r10] 335 |ı7)] — = — | —||15| 81) NW 4 5 | 334 
14| 12.5 | N A 5| 350 ||II8| ı3.0|E I o| 318 ||16| — —| — 
12| 26.0 | NW I o| 316 |{16] 9.0|NE 7 10 | 307 ||14| 14.0 — + 10|319 
Br 13| 20.0 | NW I o | 300 ||[17| 12.0 | SW 7 10 | 307 ||15| 13.0 | NW 7 — | 323 
14| 21.0| NE I o| 321 ||18| ıL.o|SW 1o 10 | 325 ||16| 18.0 | SW I — | 345 
14 331 ||16} 8.0 4 10 | 305 ||14| 9.0] NW 2° ro 3417 
ÄH 15 331 ||17| 14.0 |S I 8 | 304 ||ı5)| 9.0| NW 4 5° 8 | 327 
16 336 ||18| 11.0 | SW 2 10 | 322 ||16, — == —| — 
12| 11.0] N 31 of 338 ]/16} 13.8 | E 6 10 | 335 ||14] 20.8 | S TaNcor 5.1336 
So 13| 19.2 | NW 3100 o0| 320 ||17| 13.4|SE 2 10 | 344 ||I5| 7.4|N 5 | «° 10 | 340 
14| 20.9 | W 210 0[|333 ||18| 15.5 |S 8 10 | 362 ||16| 14.0 | SW 31 5[348 
12| 18.4 | N 2 0 | 334 ||I6) 13.0 | W I 5 | 330 |\14| 16.9|SSW 7 10 | 345 
Ka 13/2009 |NNE 2 o | 332 ||17| 12.5 |S 3 10 | 328 ||15| 16.7 | W 5 5 | 343 
14|20.1] NNE 1 10 | 358 |/18} 13.6| SE I 8 | 321 ||16| 18.8| NNE 2 3 | 322 
12| 19.2 | ESE I 513431116| 9.3 |ESE 4 7 10|336 14121.6| WSW 1 5 | 330 
Ku 13| 20.6 | SE I 0 | 342 ||17| 15.2 | SSE 5 5 | 341 ||15) 14.5 |SSW 2 5 | 333 
7427.21 BE I 5 | 362 ||18| 14.8 | S 7 10 | 322 ||16| 16.8 | NW I 5 | 348 
12/19:1|S I 5 | 343 |116| 14.2 | E 4 5 | 340 ||t4| 19.0 | S 6 5 | 364 
Jy 332m 2 Se 7 5 | 342 ||17| 11-7] SE 4 8 | 351 |\15| 15.9 | SW 3 10 | 357 
|t4| 20.8 | E I Io | 340 ||18| 14.0 | SE 5 10 | 339 ||16) 16.8 | SW 4 5 | 346 
12| 18.4 | SW I o | 318 |[16) 15.8} S 4 8 | 331 ||[14| 23.8 | SW 6|cO 0} 340 
Pu 13} 19.9|E I o | 361 ||17| 15.3 | SW 2 5 | 340 ||15| 20.8 | SW 31.008. 51371 
14| 20.4 |ENE I 5 | 358 ||ı8| 16.4 | SE 4 3| 343 ||ı6| 18.2 | E 210 3] 334 
12| 12.0 | W I 10 | 329 ||16| 13.0 | SW 3 01332 ||14| 19.5 | SW 8 2 | 343 
Tv 13| 14.0] SE I 5 | 330 ]||17| 14.0] SSW 8 | 337 ||15| 20.0 | NW 6 oO | 344 
14| 15.0 | SE I to | 336 |/18] 15.0] WSW 4 0 | 325 ||16| 20.0 | SW 3 0 | 337 
12] 4.2] WNW 4 = 101327701 — == — | —||14| 16.2 | SSE 7|v 10/374 
Ta 13| — — — | — ||17| 15.0|E 2 5 | 328 ||15| 9.0|N I | «° 10 365 
I4| 4.7 o| =°10 | 312 ||18| 14.0|S 2 3 | 330 ||16| — — —| — 
12) 14.6| E DM 01337110] Oa VVSOW) 3 307 |\14| 23.4 | SSE | (ees 7E 
Vg 13) 13.2 | W ZN 28371117 12:.8SE 2 310 ||15| 10.0 | SW 2|5° 81385 
14| 11.1 | SW 2 | =°10 | 327 ||[18| 12.2 | SW Zi 309 ||16} 10.3 | E 2 10 | 376 
12| 19.0 | SE I o | 322 ||16} 7.0 | SW 4] + 10] 317 ||14| 14.0 4 5 | 315 
Sd 13] 18.0] N I © | 324 ||ı7] 9.0|SE 4 = Io|310 |/15| — — —| — 
14| 18.5 | NE 2 o | 322 ||18| 7.0| NW Bilan LO Si2 1/26) 07-2) | SE 2 o | 336 
121102 | SE 4 © | 341 ||16| 13.0 | NW 6 10 | 311 [|14| 15.0 | W 5 10 | 323 
As 13| 21.0 |N si o | 333 ||ı7| 15.0 | W 6 10 | 313 |{15| 18.0 | NW 2 — | 370 
14| 17.6.| E 2 o | 346 ||ı8| 15.0 | W 5 o | 350 ||I6| — — —| — 
7219:7. |, Bich 28257 | OL — — | — [14] 15.7|WNW 4|oo 5|316 
VI Hey. ENEN co Oo) 270/15 7) — —| —/15|16.6|NNE 3|00 7|322 


14 ı1.7|NNW 5/00 3|335 |I18 14.3 | WNW 5|oo 4] 358 1116 
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